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1.1 Chronic inflammatory lung disease and environmental risk factors 
In September 2015, the American agency EPA denounced the violation of the 
limits of diesel emission by tested urban vehicles produced by Volkswagen [1]. 
Following the Volkswagen scandal, the General German Automobile Club (ADAC), 
one of the largest monitoring agencies in Europe, performed two emission tests on 
several diesel vehicles. ADAC data confirmed that also emissions from Renault, 
Nissan, Hyundai, Citroen, Fiat and Volvo vehicles exceeded the European limits of 
NOx production both in regulatory tests (NEDC, New European Driving Cycle) and 
in city-like driving tests (WLTP, worldwide harmonized light vehicles test 
procedure) [2]. The impact of the diesel scandal on public opinion and 
governments worldwide raised increased attention to the effects of diesel emission 
exposures on human health.  
Epidemiological studies had already shown a link between exposure to diesel 
exhaust (DE) and chronic lung diseases such as chronic obstructive pulmonary 
disease (COPD) [3], allergy and asthma [4, 5]. The Projections of Global Mortality 
and Burden of Disease by the World Health Organization (WHO) predicted COPD 
to be the third leading cause of death worldwide by 2030 [6]. Although cigarette 
smoke is the major cause of COPD in industrialized societies, also non-smokers 
may develop COPD and indoor air pollution represents a major cause of COPD in 
developing countries [7]. During the development of COPD, inflammation in the 
lung, excessive mucus production (especially in small airways), tissue remodeling 
and injury with inadequate repair processes contribute to progressive airflow 
obstruction [8]. In addition to COPD, also asthma is characterized by chronic 
inflammation, which is disproportionally enhanced following inhalation of toxic 
particles and gases [9]. COPD exacerbations, characterized by a worsening of 
COPD symptoms, are mainly driven by respiratory infections caused by e.g. gram-
negative bacteria such as non-typable Haemophilus influenzae or viruses such as 
human rhinovirus [8]. In addition to respiratory infections, also air pollution has 
been associated with COPD exacerbations [10]. COPD mortality is highly 
associated with the frequency of exacerbations requiring hospital admission [11]. 
This stresses the importance of insight into mechanisms through which exposure to 
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diesel exhaust may contribute to such exacerbations, which is essential to prevent 
exacerbations in susceptible patients affected by chronic lung disease.         
1.2 The lung and airway epithelium 
The lung surface presents a continuous layer of epithelial cells, which constitute a 
physical and biological barrier for inhaled substances and pathogens. The 
characteristics of the epithelial cells are different in the various anatomical sections 
of the respiratory tract. For instance, in the lower respiratory tract the epithelial 
layer of the mucosa of bronchi and bronchioles and in the alveoli differs largely in 
cell composition and structure (Figure 1).  
 
 
Figure 1. Protective mechanisms of airway and alveolar epithelial cells against 
inhaled toxicants. The different cell types in the airway epithelium (CC: ciliated cell; 
GC: goblet cell; ClC: club cell; BC: basal cell) and in the alveolus (AEC1: alveolar 
epithelial type 1 cell; AEC2: alveolar epithelial type 2 cell; EC: endothelial cell) are 
indicated. Reproduced from Hiemstra et al [48]. 




These different compositions reflect the distinct functions of the airway epithelial 
cells lining the airways and the alveoli. In the airways, the pseudostratified 
epithelial layer constitutes the first site of interaction with exogenous inhaled 
compounds. Mucus produced by goblet cells of the surface epithelium and by the 
submucosal glands, together with ciliated cells, allow the removal of larger particles 
and pathogens through a process called mucociliairy clearance. Club cells 
(formerly named Clara cells) exert a protective role by producing and secreting a 
variety of substances, including cytochrome P450 enzymes that may contribute to 
detoxification of inhaled substances. Neuro-endocrine cells can modulate the 
bronchial and vascular response and basal cells acts as progenitor for other 
epithelial cells [12]. In the alveoli, the epithelial lining consists of flat alveolar 
epithelial type 1 cells (AEC1) that form a continuous cell layer allowing gas 
exchange while cuboidal AEC2 act as progenitor cells and are responsible for the 
surfactant production [13]. A common feature shared by airway epithelial cells and 
alveolar epithelial cells is the presence of tight and adherens junctions [12]. The 
presence and function of these complexes can be influenced by cellular 
differentiation, exposure to a range of stimuli and may vary in disease conditions 
[14-16].  
1.3 The innate immune response in the lung epithelium 
Lung epithelial cells provide several systems of protection to reduce the effect of 
continuous and variable insults (Figure 1). Upon infection epithelial cells are able to 
respond by the release humoral factors [12]. Among them, antimicrobial peptides 
(AMPs) exert broad-spectrum antimicrobial activity. For example, the DEFB4A 
gene encodes the antimicrobial peptide human beta defensin 2 (HBD2), which kills 
a broad spectrum of micro-organisms including respiratory pathogens such as non-
typeable Haemophilus influenzae [17]. Epithelial cells also release the antimicrobial 
protein S100 calcium binding protein A7 (S100A7) during bacterial infection [18]. 
Recently the antimicrobial response of cultured airway epithelial cells from COPD 
patients has been found reduced compared to the response of (ex-) smoking 
control donors [19]. Airway epithelial cells can respond to viral infection via the 
production of innate type I interferon (such as IFNβ) and type III interferons (IFNλ) 
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[12]. These interferons meditate the antiviral response by inducing expression of 
interferon-stimulated genes (ISGs) that interfere with the viral replication and 
survival [12]. Epithelial cells can also secrete mediators that affect the activity of 
other cells to enhance innate immunity to increase antimicrobial defenses. Upon 
stimulation by e.g. microbial products, bronchial epithelial cells release several 
chemokines and cytokines such as IL-8/CXCL8 and IL-6 playing a role in the 
modulation of the innate immune response [12]. IL-8/CXCL8 is known to act as 
neutrophil chemoattractant [20]. The lung tissue of COPD patients is characterized 
by chronic inflammation where infiltration of neutrophils and other leukocytes in the 
lung contributes to the progression of injury and the reduction in lung function [21]. 
Diesel exhaust exposures have been linked with increased IL-8 release in vitro 
[22], which indicates the potential of DE to maintain and/or enhance the 
inflammatory state in the lung including neutrophil recruitment.  
1.4 Diesel exhaust 
Diesel exhaust (DE) is the major contributor to the overall air pollution in urbanized 
and highly populated areas [23]. DE is composed for more than 50% of nitrogen 
(N2), 10% by carbon dioxide (CO2), water (H2O) and oxygen (O2). Nitrogen oxides 
(NOx), diesel particles (particulate matter [PM]), carbon monoxide (CO), 
hydrocarbons (HC) and sulfur dioxide (SO2) are the main constituents of DE 
emissions and each of them represents 1% of DE composition [24]. Diesel particles 
are generated by incomplete combustion of hydrocarbons and are mainly 
composed of soot, an inorganic fraction and a soluble organic fraction, besides 
volatile organic compounds, sulfate, heavy metals and water [25]. Formation of 
diesel particles occurs already in-cylinder via nucleation of solid carbon elements, 
followed by surface growth and then particle agglomeration [26]. In the 
atmosphere, diesel PM is further altered by adsorption and condensation 
processes [26, 27]. The ability of diesel PM to oxidize molecules is defined as 
oxidative potential (OP) [28]. Factors influencing the OP of diesel PM are the 
surface area, fuel used, type of engine and atmospheric processing [27]. A larger 
surface area is associated with a higher oxidative potential, which is mainly 
determined by the elements, such as heavy metal and polycyclic aromatic 




hydrocarbons (PAHs) that bind to the particle surface [27, 29]. Recently it has been 
suggested that OP and surface area might better link to adverse health effects than 
PM mass [29], the parameter most often use to indicate diesel PM concentrations. 
Diesel PM is classified based on the particle diameter as PM10 (≤10 μm), PM2.5 
(≤2.5 μm) and ultrafine particles (UFP, ≤0.1 μm) [27]. While larger particles can be 
removed by mucociliary clearance in the upper respiratory tract, smaller can 
deposit in the lower respiratory tract [30].  
1.5 In vitro diesel exhaust exposure models 
In vitro DE exposure models can provide insights into specific molecular 
mechanisms involved in the toxic effects exerted by traffic-related pollution. In 
order to design an in vitro DE exposure model, three crucial elements should be 
considered to correctly identify risk conditions in vivo: i. relevant concentrations of 
whole diesel exhaust, ii. relevant cell cultures and iii. controlled air-route exposure.  
1.5.1 Relevant concentrations of whole diesel exhaust 
The exposure model proposed in this thesis offers two important advantages: the 
use of a complete diesel mixture (gas and particulate phase) and of relevant 
concentration for real-life human DE exposures. A large number of studies 
exploring the toxic potential of DE use diesel exhaust particles (DEP) instead of 
DE, which may introduce several artefacts in in vitro and in vivo studies. These 
artefacts are partly explained by the absence of the gaseous phase in DEP, as well 
as by differences in physical-chemical PM characteristics in DEP and whole DE 
[27]. Indeed, the suspension of DEP in liquid can alter the PM protein corona, 
which influences the ability of particles to move through biological membranes [31].  
Two different engines were used in studies presented in this thesis. First we used a 
diesel generator without any after-treatment device (Engine 1). The PM emissions 
of this non-road mobile machinery (NRMM) engine are within the limits of the Euro 
I regulation. NNMR are largely used in rail and inland engines, as well as in farming 
machinery and they markedly contribute to diesel air pollution [32, 33]. In a next 
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series of experiments, we exposed airway epithelial cells to emissions from a 
modern typical Euro V bus engine, to mimic urban traffic (Engine 2). 
 
 
1.5.2 Relevance of the use of primary bronchial epithelial cells cultured at the air-
liquid interface 
Few studies employed cultures of primary airway epithelial cells to investigate 
DE/DEP exposures (DEP) [34, 35]. Primary bronchial epithelial cells (PBECs) can 
be stably grown and differentiated at the air-liquid interface (ALI) and such cultures 
maintain important donor characteristics in vitro [36, 37]. To obtain completely 
differentiated cell cultures showing mucus production and forming specialized cell 
junctions, PBECs are cultured on 0.4 μm porous membranes of Transwell inserts 
(Corning Costar Corporation, Cambridge, MA). In ALI cultures, nutrients are 
provided from the basal compartment, while the apical side of cells can be directly 
exposed to air or volatile compounds in absence of media [38]. During 2-3 weeks 
of culture at the ALI, PBECs can differentiate in vitro into a mucociliairy layer 
displaying much of the metabolic response occurring in vivo [39, 40]. ALI cultures 
also allow the measurement of the transepithelial electrical resistance (TEER) as 
well as passage of macromolecules such as dextran as a measure of epithelial 
barrier function. This allows investigations into the effect of various exposures on 
epithelial barrier function. Furthermore, PBECs can maintain the pathological 








Euro V bus 
engine) 
Euro V* 
PM (g/kWh) 0.217 0.4 0.018 0.02 
Table 1. PM emission levels of engines tested compared to Euro I and V 
standards. ¥ SMPS measurements in chapter 2, 3, 4 and 5 *Based on European 
Emission Standards [60]. In absence of after-treatment device, Engine 1 is more 
comparable to non-road mobile machinery (NRMM). 




in vitro DE exposures can help to identify physiological cell responses which better 
resemble the airway epithelium response in vivo and susceptible donors to DE 
exposures. 
1.5.3 Relevance of exposure system 
As previously described, physico-chemical characteristics of DEP can be altered as 
a result of collection and resuspension protocols, but also by temperature and 
humidity [42]. Based on their characteristics, the oxidative and toxic potential of 
DEP can vary greatly. Therefore, a more realistic interaction between particles and 
cells can be achieved using complete DE and exposures via the air-route [43]. 
Several exposure systems have been developed for exposure of ALI cultures to 
gas mixtures [44-48]. In the experiments presented in this thesis, cells were 
exposed to DE in the commercially available Vitrocell® (Waldkirch, Germany) 
exposure units. In Figure 2, the exposure set-up used in the studies described in 
chapter 4 and 5 is shown. Briefly, in the exposure units, culture medium is present 
in the basal compartment underneath the Transwell insert membrane; on the apical 
side, the inlet carrying the gas mixture is located at a 2 mm distance from the cell 
surface (Figure 2B and C). The exposure flow can be controlled using mass flow 
controllers and the exposure unit temperature maintained.  
  






Figure 2. Diesel exhaust exposure model used at the TNO Automotive Powertrain 
test center (Chapter 4 and 5 of this thesis). Fresh diesel exhaust (DE) was produced 
during each exposure session using the Euro V bus engine (A). The DE mixture was 
immediately diluted at the exit pipe, collected in a buffer tank (B), and directly or after 
further dilution guided to the Vitrocell® (Waldkirch, Germany) exposure unit (B), to which 









1.6 Quantification of diesel exhaust doses in vitro 
The methodology used to quantify and characterize DE mixtures is described in 
chapters 2, 3, 4 and 5. In these studies, the first dilution of DE was collected in a 
laboratory tank where the mixture was characterized and quantified with regard to 
particle concentration and composition using a TSI scanning mobility particle sizer 
(SMPS, model 3936L22 TSI Incorporated, Shoreview, MN, USA). PM particles in 
the DE mixtures were characterized with regard to concentration and particle size 
distribution with SMPS. The delivered dose (DD) of DE during in vitro exposure 
was calculated for the various experiments as the amount of particles delivered into 
the exposure unit during a specific time. The delivered dose in in vitro models can 
be estimated based on flux velocity, time of exposure, PM concentrations and 
cellular surface area. Only a small percentage of PM is deposited on the lung cell 
surface, and this percentage is based on their size and on the different sites of the 
respiratory tract [30]. About 20 % of inhaled PM2.5 can reach in the bronchial and 
bronchiolar area, while almost 40 % may reach the alveoli surface area [30]. For in 
vitro studies, the deposition efficiency of PM can be calculated considering the 
fractional efficiency of all particles size group and their relative mass concentration 
[49]. The sum of all deposition efficiencies for all size groups of PM corresponds to 
the total deposition efficiency of the mixture. The deposited dose (dd) for in vitro 
experiments such as described in this thesis is defined as DD x deposition 
efficiency [50]. Based on the estimation of the dd in vitro, the corresponding time of 
exposure in vivo can be calculated by extrapolation assuming a normal breathing 
pattern [51], a specific PM concentration, airway surface area [52] and PM 
deposition rate in the lung [30]. 
1.7 Cigarette smoke and in vitro exposure models 
Cigarette smoke (CS) is associated with the onset of a variety of diseases, from 
cardiovascular pathologies, to COPD and different type lung cancers [53]. Like 
diesel exhaust, also CS is composed of PM in a gas suspension [53, 54]. 
Compared to DE, CS stream is poorly filtered, highly concentrated and the 
exposure often takes place indoors [7]. The generation of PM from a burning 
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cigarette can be up to 10-fold higher than produced by a diesel engine [54]. A 
larger number of studies have investigated the effects of CS on epithelial cells than 
those exploring effects of DE exposures. Most of those studies have investigated 
effects of aqueous extracts of cigarette smoke, which poorly represent whole CS. 
However, ALI cultures of PBECs have been used to study the effect of exposure to 
whole CS [19, 44, 55, 56]. Such studies on CS exposure have shown how a highly 
concentrated mixture of particles and gaseous components increases the oxidative 
stress response, alters the innate immune response and wound healing process in 
ALI-PBEC at concentrations that do not cause cytotoxicity [19, 44, 55]. Since DE 
and CS are both composed of a mixture of PM and gasses and both reach the lung 
epithelium surface upon inhalation, in the present thesis we used CS exposure as 
control exposure to assess the effects of the two different noxious mixtures on 
human bronchial epithelial cells.  
1.8 Assessment of the effect of diesel exhaust on airway epithelial cell 
cultures 
The first biological barrier encountered by inhaled diesel exhaust particles is the 
lung epithelium, which can modulate its barrier function upon exposure to various 
stimuli [12]. Analysis of barrier integrity and function of DE-exposed ALI-PBECs 
can provide useful information on the toxic potential of diesel exposures. The 
presence of PM can induce direct oxidative stress or alter protein structures [27, 
29]. Heme-oxygenase 1 (HO-1) is a common marker of oxidative stress in 
eukaryotic cells and CS-exposure increased HMOX1 mRNA expression in ALI-
PBEC [55]. PM as well as gaseous components can enter the airway epithelial 
cells [30] and thereby potentially induce oxidative and protein damage. PBECs can 
also respond to extensive oxidative stress via the activation of the unfolded protein 
response (UPR) to endoplasmic reticulum (ER) stress, as well as activation of 
integrated stress response (ISR) [57, 58].  
The UPR uses three ER stress sensors (ATF6, PERK, IRE1α) to sense ER stress 
and initiates a response that is aimed at increasing protein folding capacity and 
reducing the load of (misfolded) proteins on the ER [58]. PERK is the kinase that 
phosphorylates eIF2α resulting in a general shut-down of protein synthesis, but 




allowing selective translation of certain genes. The ISR uses PERK as well as 
other eIF2α-phosphorylating kinases to sense stress. Activation of PERK through 
the UPR or activation of the ISR thus share a common mechanism (Figure 3), 
resulting in production of the transcription factor ATF4 which induces CHOP and 
GADD34 mRNA [57]. Studies on the mRNA induction of e.g. CHOP, GADD34, BiP 
and spliced (spl) XBP1 after DE exposure can elucidate the role of the complex 
response to oxidative stress potentially mediated by DE.  
 
 
In parallel with studies on the airway epithelial cell response to oxidative stress we 
aimed to investigate the DE modulation of the innate immune response mediated 
by the lung epithelium. As previously mentioned (1.3), the lung epithelium plays an 
active role in the response to bacterial and viral infection by the release of humoral 
factors such as antimicrobial peptides, cytokines and chemokines and further via 
the activation of antiviral responses [12]. During bacterial infection the release of 
antimicrobial peptides such as HBD2 and S100A7 by airway epithelial cells is 
crucial to limit the survival of pathogenic micro-organisms in the lung. DE exposure 
Figure 3. Integrated stress response and unfolded protein response. Schematic 
representation of the overlapping activation of PERK during ISR and UPR. 
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has been associated with increased risk of respiratory infections, including M. 
tuberculosis infection [59]. While some studies had shown increased IL-8/CXCL8 
release by airway epithelial cells after exposure to DE, no data were available on 
the influence of DE on the antimicrobial response by airway epithelial cells. Since 
infections and diesel exposures are both associated with exacerbations of chronic 
lung diseases, controlled in vitro exposure might elucidate specific effects of DE 
exposure on the innate immune response of PBECs from susceptible patients.  
1.9 Aims of this thesis 
The aim of the studies presented in this thesis was to gain insight in the effects of 
diesel exposures on cultures of primary human airway epithelial cells. As a control, 
also the effects of cigarette smoke (CS) were explored, since cigarette smoke and 
diesel exhaust (DE) share common features. In the studies presented in this thesis, 
DE was produced onsite during each exposure session. First, we investigated the 
effect of exposure to emissions from a diesel generator without any after-treatment 
device (Engine 1). The PM emissions of this non-road mobile machinery (NRMM) 
engine are within the limits of the Euro I regulation (Table 1). The mixture, which 
was produced at a constant engine acceleration. We observed DE-induced 
cytotoxic effects and investigated the relative importance of DE concentration and 
time of exposure in terms of cytotoxicity and oxidative stress response (Chapter 2).  
To further increase the relevance of exposure conditions, we subsequently 
investigated the emission from a typical Euro V bus engine connected to an after-
treatment device (Engine 2; Figure 2A). Euro V bus engine emissions were 
generated during cycles of different accelerations (adapted Braunschweig city 
cycle) which better mimic the city-like emission production. In this set up we 
exposed both ALI-PBEC (Chapter 4) and 3D tetracultures, containing various cell 
types present in the alveoli co-cultured with an alveolar type II epithelial cell line, to 
DE (Chapter 5).  
We next aimed to compare effects of DE exposures of ALI-PBEC cultures from 
different donors, by investigating the effect of DE from two different engines on 
airway epithelial cells from COPD and aged-matched control donors (Chapter 3 




and 4). To elucidate possible mechanisms through which DE can enhance COPD 
exacerbations and influence the epithelial innate immune response, DE-exposed 
ALI-PBECs were treated with UV-inactivated bacteria and their response was 
analyzed (Chapter 3 and 4).  
In addition, we investigated the influence of CS exposure on the epithelial innate 
response following bacterial (non-typeable Haemophilus influenzae) and viral 
(rhinovirus) exposure using cells from patients with COPD and controls (Chapter 
6). 
Finally, in chapter 7 a summary and discussion of the results presented in this 
thesis is provided.  
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Diesel emissions are the main source of air pollution in urban areas, and diesel 
exposure is linked with substantial adverse health effects. In vitro diesel exposure 
models are considered a suitable tool for understanding these effects. Here we 
aimed to use a controlled in vitro exposure system to whole diesel exhaust to study 
the effect of whole diesel exhaust concentration and exposure duration on 
mucociliary differentiated human primary bronchial epithelial cells (PBEC).  
PBEC cultured at the air-liquid interface (ALI) were exposed for 60 to 375 minutes 
to three different dilutions of Diesel Exhaust (DE). The DE mixture was generated 
by an engine at 47 % load, and characterized for particulate matter (PM) size and 
distribution, chemical and gas composition. Cytotoxicity and epithelial barrier 
function was assessed, as well as mRNA expression and protein release analysis.  
DE caused a significant dose-dependent increase in expression of oxidative stress 
markers (HMOX1, and NQO1; n=4) at 6 h after 150 min exposure. Furthermore, 
DE significantly increased the expression of the markers of the integrated stress 
response (ISR) CHOP and GADD34 and of the pro-inflammatory chemokine 
CXCL8, as well as release of CXCL8 protein. Cytotoxic effects or effects on 
epithelial barrier function were observed only after prolonged exposures to the 
highest DE dose.  
These results demonstrate the suitability of our model, and that exposure dose and 
duration, and time of analysis post-exposure are main determinants for the effects 
of diesel exhaust on differentiated primary human airway epithelial cells. 
 
  




Diesel exhaust (DE) is the major component of air pollution in densely populated, 
industrialized areas [1]. The adverse health effects of diesel exposures have been 
extensively described in observational studies [2, 3, 4], and there is a growing 
concern about the direct impact of diesel on human lung health [5]. Several studies 
have linked DE exposures to development and worsening of asthma and chronic 
obstructive pulmonary disease (COPD) [6, 7]. In addition, DE exposure is linked to 
(lung) cancer development [8]. Because of their localization, airway epithelial cells 
are directly exposed to inhaled pollutants and have been shown to play a central 
role in the response to DE exposure [9, 10, 11, 12]. This has prompted studies to 
optimize and use controlled exposures of human bronchial epithelial cells to study 
such responses.  
Airway epithelial cells provide protection against infection and regulate 
inflammation, and respond to environmental exposures such as DE [13, 14]. In 
vitro airway epithelial cell models can provide important information on the 
contribution of different components of the DE mixture to its effects, as well as for 
the characterization of molecular pathways that might mediate the effects of diesel 
exposure. However, most previous studies have used diesel exhaust particles 
(DEP) rather than whole DE [15, 16, 17, 18, 19], or have relied on the use of 
immortalized or tumor cell lines instead of primary differentiated human epithelial 
cell culture models [20, 21, 9, 22-24, 25]. Extraction, suspension and storage of 
DEP alters the physicochemical characteristics of the particles and using DEPs 
excludes the effect of gases normally present in the diesel mixture that may be 
involved in the pathogenic effect [26]. Furthermore, the use of cell lines is 
suboptimal because these differ markedly from primary cells [27], and cannot be 
used to study the response of cells from sensitive populations such as patients with 
COPD or asthma. Thus, there is a need for an alternative and more realistic 
exposure model to investigate the underlying mechanism of the interaction 
between DE and epithelial cells using an air route of exposure. Primary bronchial 




differentiation, represent a valid instrument of investigation because these show 
the characteristics and cellular response of the lung epithelium [13].  
Several studies have now demonstrated that diesel exposure results in an increase 
in inflammation and oxidative stress [20, 24, 28-31], and other studies have shown 
that oxidative stress causes activation of the unfolded protein response (UPR) to 
endoplasmic reticulum (ER) stress [reviewed in references [32, 33]]. This is 
important because chronic ER stress may increase inflammation and cell death 
[34]. ER stress is detected by three sensors: protein kinase RNA (PKR)-like ER 
kinase (PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription 
factor 6 (ATF6) [33]. Activation of PERK causes phosphorylation of eIF2α, resulting 
in a shutdown of protein synthesis and selective translation of ATF4 leading to 
transcription of CHOP and GADD34. Activation of ATF6 and of the IRE1-mediated 
arm of the UPR causes an increase in expression of the UPR target gene BIP 
through a concerted action of ATF6 and spliced XBP1 which is generated via IRE1 
activation [35-37]. eIF2α can also be phosphorylated by stress-sensing kinases 
other than PERK, in absence of activation of the ATF6 and IRE1 arms of the UPR, 
resulting in the same down-stream events including transcription of CHOP and 
GADD34. This response is referred to as the integrated stress response (ISR), and 
is mediated by the action of the stress-sensing kinases HRI (iron deficiency and 
other stressful events, including oxidation), GNC2 (amino acid starvation), PKR 
(viral infection) and PERK (protein misfolding) [33]. Therefore, increased 
expression of CHOP and GADD34 in absence of increases in BIP and spliced 
XBP1, indicates activation of the ISR. The response to ER stress and the ISR allow 
cells to fine-tune their response to the wide array of environmental or endogenous 
stressors.  
The aim of the present study was to use an in vitro model of exposure of ALI-PBEC 
to whole DE produced by a diesel engine to study the effect of dose and duration 
of exposure, as well as the time of analysis post-exposure on a variety of cellular 
parameters related to the epithelial response to stress. To this end we used 
exposure to whole freshly generated DE (containing both particles and gaseous 
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compounds) and mucociliary differentiated cultures of ALI-PBEC derived from 
several donors to best mimic processes in human lungs exposed to DE. 
Since the kinetics of the response of primary airway epithelial cells to in vitro diesel 
exposure has been poorly investigated in previous studies [38, 39], in the present 
study we included various exposure durations and assessed cellular responses at 
various time-points after exposure. Oxidative stress was assessed by measuring 
expression of heme-oxygenase 1 (HMOX1) [40] and NAD(P)H dehydrogenase, 
quinone 1 (NQO1) [41]; analysis of the UPR to ER stress was performed by 
quantification of spliced XBP1 mRNA (XBP1spl), BIP, CHOP and GADD34 mRNA 
[42], whereas an inflammatory response was assessed by studying CXCL8 mRNA 
expression and protein release. Our findings demonstrate the sensitivity of 
differentiated human airway epithelial cells to diesel exhaust, as shown by 
induction of markers of oxidative stress, ISR and inflammation. Furthermore, our 
findings highlight the importance of exposure duration and dose, and kinetics of 
stress markers in the response of these cells. 
Materials and methods 
Cell culture 
Primary bronchial epithelial cells (PBECs) were obtained from tumor-free lung 
tissue of patients undergoing surgery for lung cancer at the Leiden University 
Medical Center. Epithelial cells were obtained by enzymatic digestion of bronchial 
tissue. After 2 h in Proteinase XIV (Sigma-Aldrich, St. Louis, USA) at 37°C, cells 
were mechanically detached by scraping and washed in PBS after centrifugation 
for 7 min at 230 g. Cells were then plated in 6 well-plate coated with PureCol (30 
µg/ml; Advanced BioMatrix, San Diego, CA) and fibronectin (10 µg/ml; isolated 
from human plasma) in presence of BSA (10 µg/ml, Sigma). Cultures were 
maintained in keratinocyte serum-free medium (KSFM, Life technologies) 
supplemented with EGF (0.2 ng/ml, Life technologies), bovine pituitary extract 
(BPE; 25 µg/ml, Gibco), isoproterenol (1 µM, Sigma-Aldrich), penicillin (100 U/mL, 
Lonza, Verviers, Belgium) and streptomycin (100 µg/ml, Lonza) to expand 




lung tissue, the medium was supplemented with the anti-mycoplasma agent 
ciprofloxacin (dilution 1:250; Fresenius Kabi, Schelle, Belgium). Once confluent, 
cells were trypsinized (Difco, Detroit, USA) and stored in liquid nitrogen at 0.4*106 
cells/ml per vial in KSFM plus 10 % DMSO (Merck) and BPE (0.3 mg/ml, Gibco). 
After thawing, cells were seeded onto coated 9 cm petri dishes for further 
expansion before plating on inserts. Following trypsinization, cells from these 
expanded cultures (passage 2) were seeded at a density of 40,000 cells/cm2 on 
pre-coated 12 well-plate Transwell inserts (Corning Costar Corporation, 
Cambridge, MA), as previously described [43]. Cells were cultured in a 1:1 mixture 
of Dulbecco’s modified Eagle’s medium (DMEM) and BEGM (Lonza) supplemented 
with penicillin/streptavidin (Lonza), BEGM SingleQuot (Lonza), BSA (1 mg/ml, 
Sigma) and with retinoic acid (15 ng/ml, Lonza) at 37⁰ C with 5 % CO2. Once 
confluence was reached, the apical medium was removed and cells were cultured 
at the air-liquid interface (ALI) for 2 weeks to allow polarization and mucociliary 
differentiation. Ciliated cells and mucus-producing cells were present after 2 weeks 
of differentiation at the air-liquid interface [44].  
Whole diesel exhaust (DE) generation 
Diesel exhaust (DE) was freshly produced by a diesel-fueled generator (maximum 
continuous load: 9.5 kW; Kipor ID10 Wantong, China) that was operated at a 
steady load of 47 % (4.5 kW), using commercial diesel fuel (BP Ultimate Diesel) 
(Fig. 1). The emissions from the engine mimic exposure to exhaust from so-called 
“non-road mobile machinery” (NRMM; ranging from lawnmowers, construction 
machines, generators, to rail and inland water engines) which constitute a major 
source of diesel pollution [45, 46]. Exhaust fumes were sampled using an Air-Vac 
eductor (Air-Vac TD 110 HSS, Air-Vac Engineering Company, Seymour, CT, USA) 
supplied with dry compressed air. The resulting diluted DE (dilution factor approx. 9 
times to avoid condensation at room temperature, ~22°C) was transferred to the 
laboratory using stainless steel tubing that was electrically heated (approximately 
33°C) to avoid condensation.  





Figure 1. Diesel exhaust exposure model. Fresh diesel exhaust was produced during 
each exposure session using the diesel generator (1) and the load bank (2) to select the 
engine power applied. The DE mixture was immediately diluted at the exit pipe (3), 
collected in a buffer tank (11), and directly or after further dilution guided to the Vitrocell 
exposure units (7) using mass flow controlers (5) to control the flow. Cells inside the 
exposure units were exposed to the DE mixture through three trumpets that were located 
at 2 mm above the apical surface of the cell cultures. Particle deposition on gravimetric 




The diluted DE was next collected in a central tank from which the DE was directed 
to the first Vitrocell® (Waldkirch, Germany) exposure module (high DE), or further 
diluted to two other DE exposure modules (mid and low DE). The dilution for these 
mid- and low-concentration modules was also achieved using Air-Vac eductors 
(Fig. 1). Each exposure module contained three Transwell inserts with ALI-
differentiated PBECs. Within these modules, each Transwell was individually 
supplied with DE at a flow rate for each insert of 5 ml/min using “trumpets” that 
were positioned at 2 mm from the epithelial apical surface. The modules were 
maintained at 37°C during exposure using water from a water bath. As controls, 
cells in a fourth exposure module were exposed to humidified clean air. As an 
additional, untreated control, inserts were kept outside the exposure modules and 
incubated for the same indicated time periods. 
 
 
During every exposure, temperature (23.35±0.29◦C) and relative humidity 
(56.15%±0.89%) were measured in the central tank using a RH/T device (TESTO 
Figure 2. Particle size, distribution and mass distribution analysis using a TSI 
scanning mobility particle sizer (SMPS). The graph shows the characterization of the 
9-fold diluted DE mixture (high) produced during a 150 min exposure session. Mass 
concentration (µg/m3) on left y-axes, numbers (#/m3) on right y-axes. 
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635-1, TESTO GmbH & Co, Lenzkirch, Schwarzwald, Germany), oxygen 
(20.16±0.05 vol%) using M&A PMA-10 oxygen analyser (M&C Products 
Analysentechnik GmbH, Ratingen-Lintorf, Germany), and carbon dioxide (0.38±0.2 
vol%) using a Vaisala GM70 probe with MI70 read-out unit (Vaisala, Helsinki, 
Finland). Particle size distribution measurements (using a TSI scanning mobility 
particle sizer; SMPS, model 3936L22 TSI Incorporated, Shoreview, MN, USA) 
were used to calculate PM mass concentrations (Fig. 2, Table 1). The count 
median mobility diameter was 73 nm with a geometric standard deviation of 1.6 













Low 60 0.14±0.06 0.04 0.65 
Mid 60 0.43±0.18 0.12 1.96 
High 60 1.29±0.53 0.35 5.88 
     
Low 150 0.14±0.02 0.10 1.63 
Mid 150 0.43±0.07 0.29 4.88 
High 150 1.29±0.20 0.86 14.65 
     
Low 375 0.12±0.04 0.21 3.52 
Mid 375 0.37±0.13 0.62 10.57 
High 375 1.11±0.40 1.87 31.72 
 
 
In order to obtain an extensive characterization of the DE mixture, whole DE was 
produced twice at 4.5 kW load in a steady-state cycle and collected for analysis. 
The physical-chemical composition of the mixtures is summarized in Table 2. 
Table 1. PM dose delivered to ALI-PBEC cultures during different exposure times. 
*PM concentrations were calculated based on SMPS measurements in the mixture 
collected in the central tank (9-fold diluted). Low and mid concentrations are calculated 
from the high concentration, using a dilution factor of 9 and 3, respectively. 
**Delivered dose was calculated as described in the materials and methods section. 
***Deposited dose was calculated as being 1.7 % of the delivered dose as indicated in 




Parameter Mean ± SD (n=2) 
PM mass (mg/m3) 1.22 ± 0.25 
EC (mg/m3) 1.11 ± 0.06 
PAH (µg/m3)¥ 17 
Oxy –PAHs (ng/m3)¥ 5768 
Nitro-PAHs (ng/m3)¥ 56 
CO (ppm) 25.99 ± 0.26 
CO2 (volume %) 0.44 ± 0 
NOx (ppm) 15.94 ± 0.31 
THC (ppm) 2.67 ± 0.08 
nmol DTT/min*m3 air¥ 5.2 
(nmol DTT/min*µg PM)¥ 0.057  
 
 
Estimation of delivered and deposited dose 
To calculate the deposited mass on the cell inserts (deposited dose), first the 
particle mass delivered to the Vitrocell units (delivered dose) was calculated using 






where DD is the delivered dose (µg/cm2), f is the flow (0.005 l/min), [PM] is the 
diesel particle concentration (mg/m3), t is the time of exposure and SA is the 
surface of the inserts (1.12 cm2). [PM] was calculated using SMPS measurements. 
Using SMPS, the total size distribution was divided into around 100 size groups, 
ranging from 15 to 660 nm (diameter midpoint). For each particle size group, the 
number concentration was measured. The measured number concentration (for 
Table 2. Characterization of DE mixture produced at 4.5 kWatt. Characterization of 
two 9-fold diluted mixtures (high diesel dose) produced by KIPOR ID10 engine 
generated in the absence of cell exposure. 
¥ Only one measurement. Abbreviations: DTT: dithiothreitol; EC: elemental carbon; THC: 
total hydrocarbon; PAH: polycyclic aromatic hydrocarbon; PM: particulate matter; VOC: 
volatile organic hydrocarbons. 
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each size group) was converted into mass concentration (mg/m3) using the 
effective density of the DE particles [47]. 
Next, the deposition efficiency for the measured particle size distribution was 
calculated as described [48]. For the exposure setup used, deposition efficiencies 
were calculated for all individual particle size groups. For each particle size group, 
the calculated deposition efficiency was multiplied with the relative mass 
concentration of that group, resulting in the fractional efficiency for this particle size 
group. The sum of all fractional efficiencies (i.e. from all size groups) is the total 
deposition efficiency of the mixture with the measured particle size distribution. For 
the size distribution of the DE mixtures generated, the deposition efficiency was 
calculated to be 1.7%. The deposited dose (dd) was therefore calculated based on 
this efficiency and the delivered dose (dd= DD x 1.7 %). 
DE exposures 
At 24 h before DE exposure, the apical side of the cell cultures was rinsed with 
warm PBS to remove excess mucus and cell debris. The next day, the cultures 
were placed inside the exposure modules and exposed for various time periods to 
DE. Cells exposed in parallel to humidified air inside the modules were used as air 
controls, and cells that were kept in the CO2 incubator were used as untreated 
control. Following exposure, cells were removed from the exposure modules, the 
basal medium was replaced by fresh medium and incubated for various time 
periods. Next basal media were collected, apical washes were obtained after 
addition of 150 μl prewarmed PBS to the apical surface, and cell lysates were 
obtained for RNA isolation. 
As an untreated control, we used cells that were not placed inside the modules and 
therefore not exposed to the flow of air or DE from the trumpets. As a positive 
control, cells from the same donor were also exposed in parallel to whole volatile 
cigarette smoke of one cigarette (appr. 7 minutes) [43]. As an additional control, 
cultures were treated with tunicamycin (Tm; 5 µg/ml, Sigma) as a control for 




Transepithelial electrical resistance (TEER) and LDH release 
TEER was measured using an electrometer EVOM2 (World Precision Instruments, 
Sarasota, FL), and calculated as unit area resistance (Ohm*cm2) by multiplying the 
sample resistance by the Transwell membrane area (1.12 cm2). Before 
measurement, cells were first incubated for 5 minutes at 37⁰C with 700 µl of pre-
warmed PBS added to the apical surface. Cytotoxicity (LDH detection Kit, Roche, 
ver. 10) was assessed by measurement of LDH. Data were expressed as % of 
LDH release from 0.01% TRITON-X100-treated controls (Sigma). 
Quantitative RT-PCRs 
Following incubation, cells were lysed for RNA isolation using the Maxwell® 16 
simplyRNA Tissue Kit (Promega, Leiden, NL). 1-thioglycerol/homogenization buffer 
was added to each insert, and the lysate was transferred to the Maxwell 16 LEV 
Cartridge (MCE). RNA was extracted according to the manufacturer’s instructions, 
and quantified using a nanodrop spectrophotometer (Nanodrop technologies, 
Wilmington, DE). cDNA was generated using MML-V enzyme (Promega) in 
presence of oligo(dT) primers and RNAsin (Promega) from 1 µg of RNA of each 
sample. qPCRs were performed with a CFX-384 real-time PCR detection system 
(Biorad) using iQSybr green Supermix (Bio-Rad Laboratories, Veenendaal, The 
Netherlands). For primer sequence and conditions see table 3. Reference genes 
ATP5B and RPL13A were selected using the GeNorm method and used for 
normalization (to correct for sample to sample variation). Arbitrary gene expression 
was calculated using the standard curve method with Bio-Rad CFX manager 3.0 
software (Bio-Rad). Gene expression was expressed as fold from untreated, using 
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RPL13A 63⁰ AAGGTGGTGGTCGTACGCTGTG 
CGGGAAGGGTTGGTGTTCATCC 
NM_012423 
HMOX1 63⁰ AACCCTGAACAACGTAGTCTGCGA 
ATGGTCAACAGCGTGGACACAAA 
NM_002133 




CXCL8 59.2⁰ CTG GAC CCC AAG GAA AAC 
TGG CAA CCC TAC AAC AGA C 
ENSG00000
169429 




GADD34 62⁰ ATGTATGGTGAGCGAGAGGC 
GCAGTGTCCTTATCAGAAGGC 
[49] 






Concentrations of CXCL8 in the basal media collected following DE exposure were 
assessed using an enzyme-linked immunosorbent assay (ELISA) according to the 
manufacturer’s instructions (R&D; Human CXCL8/IL-8 ELISA kit cat# DY208). 
Basal media was centrifuged before measurement to remove cell debris. Because 




of the possible interference of PM in antibody-mediated detection of CXCL8 [51], 
we speculate that CXCL8 protein levels may be underestimated. 
Data analysis 
The statistical significance of the cellular response cultures from one donor to DE 
was determined by comparing the means of the triplicate exposures for each 
condition by one-way ANOVA and Bonferroni post-test to adjust for multiple error 
testing. In the multiple donor exposures, differences were compared as means of 
the triplicates of each donor also using one-way ANOVA-Bonferroni. All statistical 
analyses were performed with IBM SPSS Statistics Data Editor Version 20. 
Differences were considered statistically significant at p<0.05. 
Results  
Composition of DE mixtures 
Chemical characterization of the first dilution of DE (9-fold) produced in two 
independent sessions is shown in table 2. The PM concentration of the 9-fold 
diluted mixture (high) was assessed in all experiments by SMPS, and 
concentrations for the other dilutions were derived from this measurement (table 1). 
Effect of DE concentration and exposure duration 
Epithelial barrier and cytotoxicity. Air-liquid interface cultures of PBECs (ALI-PBEC) 
from a single donor were exposed in triplicate to DE (low, mid and high 
concentrations of DE) or air for various time periods (60, 150 or 375 minutes). Next 
the cultures were incubated for 6 or 24 h before assessment of the effect of the 
exposure. Reductions in TEER (measure for epithelial barrier activity) were 
observed in cultures exposed to the highest DE dose for 150 (-55.1%) and 375 
minutes (-65.4%) at 6 h after exposure (Fig. 3A). The decrease in TEER was 
significant as well after prolonged exposure to mid DE, while low DE dose caused 
an increase in TEER (Fig. 3A). At 6 h incubation, reduction in TEER was 
accompanied by cytotoxicity (assessed by LDH release) only in the cells exposed 
for the longest period of exposure to the high DE concentration (Fig. 3C).  At 24 h 
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after exposure, cells showed a clear tendency to recover from injury, with the 
exception of cells exposed to the high DE concentration for 375 min showing a 
significant reduction in TEER (~70 %) and further increased in LDH release up to 
~27 % (Fig. 3B, 3D). When comparing cells exposed to similar delivered doses 
(0.35-0.21 μg/cm2) during different times of exposure (60 min high DE, 150 min mid 
DE and 375 min low DE exposure), it was observed that the highest reduction in 
epithelial barrier activity was observed with the shorter exposure durations (Fig. 
3A). 
CXCL8 release. Already 6 h after exposure, CXCL8 release was significant after 
prolonged exposure to the highest DE dose (Fig. 3E). This increase was still 
significant at 24 h, but CXCL8 levels were higher in the cells exposed for 150 min 
(Fig. 3F). Furthermore, at 24 h post-exposure incubation the highest CXCL8 
release following exposure to the same delivered dose of DE was observed with 






Figure 3. Effect of different exposure durations and dilutions on barrier function, 
cytotoxicity and CXCL8 protein release. Samples were collected at 6 (3A, 3C and 3E) 
and 24 h (3B, 3D and 3F) after 60, 150 or 375 min exposure to air or DE (low, mid or 
high). Data show the mean ± SD of triplicate exposures of cells from one donor. 
Transepithelial electrical resistance (TEER; 3A, 3B) is expressed as Ohm*cm2, and LDH 
release as % of the Triton X100 control (3C, 3D). CXCL8 protein release was quantified 
as pg/ml by ELISA (3E and 3F). Statistical significance at *p<0.05, **p<0.01 and 
***p<0.001 in one-way ANOVA with Bonferroni post-test. 
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Expression of genes involved in the response to oxidative stress and endoplasmic 
reticulum (ER) stress, and inflammation. Because epithelial barrier function was 
decreased at 6 h after exposure, we first focused on the effect of various DE 
concentrations on gene expression. At 6 h after 60, 150 or 375 min exposure to air, 
low, mid or high DE, a dose-dependent induction of HMOX1 expression was 
observed that reached statistical significance in the high DE-exposed cells (Fig. 
4A); HMOX1 was further increased after 150 min exposure compared to 60 min 
exposure, but not further increased after 375 min exposure. In addition, also NQO1 
showed a DE dose-dependent induction, with a significant increase in the high DE 
exposed group after all exposure durations, and in the mid DE exposed group after 
150 min exposure (Fig. 4B). However, when comparing cells exposed to the same 
delivered dose, only HMOX1 induction was significantly reduced upon increasing 
the exposure duration from 60 to 150 min (Fig. 4A). Expression of CHOP mRNA 
was observed in cells exposed to the high DE dose after all exposure durations 
(Fig. 4C), while GADD34 was induced only after prolonged exposure to the highest 
dose of DE (Fig. 4D). In contrast, two other markers of the UPR, spliced XBP1 and 
BIP, were not increased upon DE exposure, whereas a marked increase was 
observed in tunicamycin-exposed cells that were used as a positive control (data 
not shown). Also, CXCL8 mRNA was significantly induced upon prolonged 







Figure 4. Effect of different exposure durations on gene expression. Analysis of 
mRNA expression was performed at 6 h after 60, 150 or 375 min exposure to air, low, 
mid or high DE-dose to study oxidative stress (4A, 4B), integrated stress response (4C, 
4D) and inflammatory (4E) responses. Data are expressed as fold increase from 
untreated control after normalization on the expression of two reference genes, ATP5b 
and RPL13a. Data show the mean ± SD of triplicate exposures of cells from one donor. 
Statistical significance at *p<0.05, **p<0.01 and ***p<0.001 in one-way ANOVA with 
Bonferroni post-test. 
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Early response to short exposures to DE  
In our initial studies we focused on exposure conditions that induced cytotoxicity as 
assessed by LDH release, which is a classical marker in inhalation toxicology. We 
next investigated the possibility that cellular responses to short (60 min) exposures 
to DE may also occur at earlier time points in the absence of cytotoxicity.  
Epithelial barrier and cytotoxicity. Cells from one donor were exposed to three 
different doses of DE for 60 min, and next incubated for 1 h 30 min, 3 or 6 h at 
37⁰C. The TEER values were reduced at all time points after exposure to high 
concentrations of diesel, while low concentrations caused a slight non-significant 
increase in TEER (Fig. 5A). These changes in TEER were not accompanied by a 




Figure 5. Effect of 60 min exposure to DE on barrier function and cytotoxicity 
following various post-exposure incubation times. Cells were exposed in triplicate to 
air, low, mid or high DE for 60 min. Cells were next incubated for 1 h 30 min, 3 h or 6 h 
after the exposure. Data show the mean ± SD of triplicate exposures of cells from one 
donor. Trans-epithelial resistance (TEER) was expressed in Ohm*cm2 (5A), and 
cytotoxicity was expressed as LDH release as % of the Triton X100 control (5B). 





Expression of genes involved in the response to oxidative stress and endoplasmic 
reticulum (ER) stress, and inflammation. In cells exposed to the high DE dose, 
HMOX1 expression was significantly increased (~100 fold) at 1 h 30 min and 3 h 
post-exposure, but not at 6 h (Fig. 6A). In contrast, the DE dose-dependent NQO1 
expression peaked at 6 h post DE exposure (Fig. 6B). At 1 h 30 min post-exposure, 
CHOP and GADD34 mRNA were both increased in all conditions (both DE- and 
air-exposed samples) compared to the untreated control. However, CHOP 
expression was significantly increased at 1 h 30 min in cells exposed to the high 
DE dose compared to air controls (Fig. 6C); at this time point GADD34 expression 
was also significantly increased after exposure to high DE in a dose-dependent 
fashion (Fig. 6D). In addition, a statistical significant induction of CXCL8 mRNA 
was also observed at both 1 h 30 min and 3 h following exposure to high the DE 
dose (Figure 6E). 
CXCL8 release. Following 60 min of DE exposure, a time and dose-dependent 
increase in CXCL8 in the basal medium was observed which was significant in high 
DE-exposed cells at longer (3 and 6 h) post-exposure incubation times (Fig. 6F). 






Figure 6. Effect of 60 min exposures to DE on gene expression and CXCL8 
release. Gene expression is shown as fold increase from untreated controls after 
normalization on two reference genes, ATP5b and RPL13a. Data show the mean ± SD 
of triplicate exposures of cells from one donor. Markers of oxidative stress (HMOX1 
mRNA 6A and NQO1, 6B), integrated stress response (ISR) (CHOP, 6C and GADD34, 
6D) and inflammation (CXCL8 mRNA, 6E and CXCL8 protein 6F) were investigated at 
different time points post-exposure. Statistical significance at *p<0.05, **p<0.01 and 




Inter-donor variability in the response to DE  
One of the major advantages of using primary cultures is the opportunity to study 
inter-donor variation in the response to DE. To this end, we focused on the 
intermediate duration of exposure (150 min) to air, low, mid or high DE (81-, 27- or 
9-fold diluted) using ALI-PBEC from 4 different donors in which we analyzed the 
response at 6 h post-exposure, and for cultures from 3 donors we assessed 
responses at 24 h post-exposure.  
Epithelial barrier and cytotoxicity.  TEER measurements in the cells exposed to 
high DE were statistically significantly lower than in the air-exposed cells at 6 (Fig. 
7A) and 24 h (7B). The two donors in which the highest drop in TEER levels was 
observed, showed a markedly higher LDH release at 6 h incubation (Fig. 7C), 
which further increased at 24 h in the same donors (Fig. 7C and D); these 
increases did not reach statistical significance.  
CXCL8 release. 150 min exposure to high DE dose induced a statistically 
significant CXCL8 release already at 6 and 24 h post-exposure (Fig. 7E and F). 
 





Expression of genes involved in the response to oxidative stress and endoplasmic 
reticulum (ER) stress, and inflammation. Next the effect of DE-induced modulation 
of gene expression was investigated at 6 h after exposure. Exposure to DE 
Figure 7. Effect of 150 min exposure to DE on barrier function, cytotoxicity and 
CXCL8 protein release of cells from multiple donors. Cells from different donors 
were exposed for 150 min in independent sessions to air or diluted diesel (low, mid, high 
DE dose) and incubated for 6 (n=4, 7A, C and E) or 24 h (n=3, 7B, D and F). 
Transepithelial resistance is expressed as Ohm*cm2 (Fig. 7A, B, after 6 and 24 h 
incubation), while cytotoxicity was studied as LDH release (7C, D). CXCL8 protein 
release was quantified as pg/ml by ELISA in basal media (7E, n=4 and 7F, n=3). Data 
are expressed as single data points from individual donors, and means are shown as 
horizontal bars. Statistical significance at *p<0.05, **p<0.01 and ***p<0.001 in one-way 




induced a dose-dependent induction of the oxidative stress markers studied, which 
reached significance for HMOX1 and NQO1 mRNA for cells exposed to the high 
DE dose (Fig. 8A, B). GADD34 mRNA induction was significant in cells exposed to 
high DE (Fig. 8D), whereas the DE-induced CHOP mRNA induction was not 
statistically significant (Fig. 8C). Furthermore, the induction of CXCL8 mRNA by 
high DE did not reach statistical significance (p=0.057; Fig. 8E). 
 
 
Figure 8. Effect of 150 min exposures to DE on gene expression of cells from 
multiple donors. mRNA markers of induction of oxidative stress response (HMOX1 in 
8A and NQO1 in 8B), integrated stress response (CHOP, 8C and GADD34 8D) and 
inflammatory response (CXCL8, 8E) were quantified through qPCR for 4 donors 
exposed for 150 min to air, low, mid or high DE doses and incubated 6 h after the 
exposure. Data are expressed as single data points from individual donors, and means 
are shown as horizontal bars, after normalization on the reference genes ATP5b and 
RPL13a. Statistical significance at *p<0.05, **p<0.01 and ***p<0.001 in one-way ANOVA 
with Bonferroni post-test in comparison to the corresponding air controls. 
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Response to cigarette smoke and tunicamycin. In parallel to the DE exposure, 
cultures from these four donors were also exposed to cigarette smoke (CS). CS 
exposure caused a marked antioxidant response at 6 h after exposure (HMOX1 
and NQO1 mRNA, Fig. 9A, B), whereas also GADD34 expression (Fig. 9D) was 
increased. Tunicamycin was used as a positive control for induction of the unfolded 
protein response (UPR), and caused a marked increase in CHOP and GADD34 
mRNA (Fig. 9C and D), whereas it also increased markers of the two other arms of 
the UPR, BIP and spliced XBP1 mRNA (data not shown). Interestingly, cells from 
the donor showing the lowest response to DE, showed the highest response to CS 
for all markers except NQO1. Cultures from more donors should be evaluated to 




Fig. 9. Cellular response to cigarette smoke and tunicamycin. Cells from 4 donors 
were exposed to cigarette smoke (CS) for 7 min and incubated for 6 h, or treated with 
tunicamycin (Tm) for 6 h. HMOX1 (9A) and NQO1 (9B) mRNA expression was used as 
marker of the oxidative stress response; CHOP (9C) and GADD34 (9D) as markers of 
ISR. Data were calculated as normalized values relative to the expression of the 
reference genes ATP5b and RPL13b, and expressed as fold increase from untreated 





The results from the present study show the feasibility of exposure of mucociliairy 
differentiated human primary airway epithelial cells to whole diesel exhaust in vitro. 
Exposure to diesel resulted in an oxidative stress response as shown by dose-
dependent increases in HMOX1 and NQO1 mRNA. In addition, an increase in the 
ISR markers CHOP and GADD34 mRNA was observed. Increases in CXCL8 
mRNA and CXCL8 release occurred already after 60 min exposure to DE, and 
further increased after prolonged exposure to DE. These effects were 
accompanied by a small decrease in epithelial barrier function as shown by 
transepithelial electrical resistance measurements. Furthermore, cytotoxicity was 
only observed at high concentrations of diesel after prolonged exposures times.  
Our in vitro exposure model using freshly generated diesel exhaust offers the 
advantage of exposing cells to complete mixtures of both particles and gases (NOx, 
COx). Furthermore, use of state-of-the-art validated models of mucociliary 
differentiated primary bronchial epithelial cells allows us to investigate biological 
responses which may not occur in cell lines. Another advantage of the use of 
primary cells is the opportunity to compare cultures derived from multiple donors, 
with the ultimate aim to identify subsets of patients that differ in their susceptibility 
to DE. In line with our observations, exposure of commercially available EpiAirway 
cells to whole diesel exhaust at 2.9 mg/m3 for 3 h also resulted in a rapid but 
transient reduction in epithelial barrier function, which was associated with limited 
cytotoxicity at 21 h after exposure [39]. We already observed similar responses 
when exposing cells from four donors to 1.29±0.20 mg/m3 for 150 min (delivered 
dose 0.86 µg/cm2); interestingly, exposures to lower DE concentrations (delivered 
dose: low 0.10 µg/cm2 and mid 0.29 µg/cm2) induced a slight increase in epithelial 
resistance. This increase may reflect a defensive mechanism of cells trying to 
avoid the penetration of toxic compounds. Furthermore, TEER values were lower 
after shorter exposure duration with the same delivered dose of diesel, suggesting 
that a high concentration of DE rather than prolonged exposure constitutes a 
higher health risk. 
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Another defense mechanism is mediated by the induction of heme-oxygenase 1 
(HMOX1 mRNA encoding for the protein HO-1), the only inducible isoform of 
heme-oxygenase [40]. HO-1 is the most conserved antioxidant response gene 
among eukaryotes, and since the products of its metabolic activity can reduce 
oxidants inside cells, the observed increase following DE exposure may provide 
protection. However, the physiological implications of this response are still 
unclear, since persistent activation of HMOX1 expression might increase 
inflammatory response [52]. HMOX1 expression was strongly increased in all 
conditions already shortly after 60 min exposure, and its expression decreased 
upon longer post-exposure incubation reflecting a fast activation of HMOX1 mRNA 
induction by DE. Furthermore, when comparing exposures to the same delivered 
dose, the highest induction of HMOX1 mRNA was observed after shorter 
exposures and post-exposure incubation times. However, it needs to be 
considered that even if cells are exposed to equivalent doses of DE with the same 
post-exposure incubation time, the length of the exposure time may unavoidably 
add to the post-exposure period.   
The NF-E2-related factor 2 transcriptional factor (NRF2) is one of the regulators of 
HMOX1 expression, but also regulates a protective response to oxidative stress by 
inducing expression of phase I and II enzymes [41]. Among the phase II enzymes, 
NQO1 (NAD(P)H dehydrogenase, quinone1) is classically considered a marker for 
NRF2 activation, that mediates both an antioxidant and survival response. In 
contrast to HMOX1, NQO1 mRNA induction was more pronounced at later time 
points after DE exposure. In previous in vitro studies, NQO1 mRNA was induced 
after 4 h treatment with 10 µg/cm2 of diesel exhaust particles (DEP) in human 
primary nasal cells and in the 16HBE cell line [53, 54]. Here we showed a DE-dose 
dependent induction of NQO1 mRNA in primary bronchial epithelial cells using 
lower DEP concentrations. On the other hand, CXCL8 protein release and CXCL8 
mRNA were only increased after exposure to high DE, in agreement with the 
previously postulated hierarchy of responses to PM [55]. This is important, since 
CXCL8 is a neutrophil-attracting chemokine and notably COPD exacerbations are 




In addition to the DE-induced anti-oxidant response and CXCL8 increase, we also 
observed increased mRNA expression of CHOP and GADD34, which have 
previously been shown to be induced by PM2.5 in mice [57]. These are markers of 
the unfolded protein response (UPR) to ER stress, as well as the integrated stress 
response (ISR) [42, 33]. Notably, at early incubation times post-exposure also air 
exposure alone caused a small increase in CHOP and GADD34 mRNA, 
suggesting an activating effect of the flux of air inside the exposure modules. To 
study activation of the UPR, also XBP1spl and BIP mRNA expression were 
investigated as marker of IRE1α and ATF6 activation. XBP1spl and BIP were 
increased by tunicamycin, but not by diesel exposure (data not shown). In absence 
of XBP1spl and BIP expression, induction of CHOP and GADD34 mRNA provides 
evidence for activation of the ISR. Therefore, further studies are needed to identify 
which kinases of the four involved in the activation of ISR are activated in response 
to diesel exhaust. Indeed, it has been demonstrated that one of these stress-
sensing kinases, HRI, is involved in responses to oxidative stress [33], suggesting 
that this kinase may be involved in the effects observed with DE. Activation of ISR 
may be protective following diesel exposure [33] and may act in concert with the 
anti-oxidant response. A recent study showed that simultaneous activation of ATF4 
and NRF2 protects tumor cells from apoptosis following detachment by increasing 
HMOX1 expression [58], suggesting that these pathways may also contribute to 
HMOX1 expression following diesel exposure. Activation of the ISR may also 
contribute to inflammation, since CHOP has been shown to induce CXCL8 
expression in cystic fibrosis epithelial cells [59].   
Most previous studies have relied on the assessment of cytotoxicity as marker for 
the effects of noxious compounds such as DEP, often in combination with 
inflammatory biomarkers. Here we demonstrated cytotoxicity only in response to 
the highest dose of DE, whereas no cytotoxicity was observed with lower DE 
doses. Importantly, models of acute exposure as described in this and other 
studies, provide only a limited insight into the impact of diesel pollution on chronic 
lung disease, for which repeated exposures are more likely to contribute to 
exacerbations and disease progression. The limited cytotoxicity observed in our 
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exposure model indicates that repeated in vitro exposures are feasible, providing 
an important tool for investigation of the influence of diesel exhaust in asthma and 
COPD patients. 
In parallel with DE exposure, cells from the same donors were exposed to cigarette 
smoke (CS), which like DE is also a complex mixture of gas and particles. Since 
CS experiments were performed using short (~7 min) exposures and using 
undiluted mainstream CS, effects resulting from DE and CS exposures are difficult 
to compare. Nevertheless, we did observe marked similarities between the 
response to DE and CS. The DE concentrations used in this study (0.010-1.29 
mg/m3) are relevant for extreme traffic situations, highly polluted areas and studies 
on non-road engines. For example, the calculated PM concentration derived from a 
stage IIIb non-road diesel engine is 3.1 mg/m3 [60]. Moreover, the Vitrocell 
exposure units used in the present study have a rather low deposition efficiency of 
1.7%. Based on this, the 150 min exposure to high DE corresponds to a deposited 
dose of 14.65 ng/cm2, which equals an exposure of up to 4.80 hours in real life. 
This calculation is based on a breathing rate of 0.012 m3/min [61], a pollution level 
of 50 µg/m3 for PM2.5 [62], a total surface area of bronchi and bronchioles of 2363 
cm2 for humans [63], and a deposition rate for particles of interest (~117 nm, most 
predominant in our mixtures) in the bronchial region of approximately 20 % [64]. 
In summary, the results from the present study show that cellular responses of 
cultured mucociliary differentiated human bronchial epithelial cells following 
exposure to realistic concentrations of diesel exhaust can be useful for studying the 
adverse health effects of diesel exposure. A significant response was observed 
with cell cultures derived from 4 donors, suggesting that this model may be suitable 
to study differential sensitivity of cells from various patient populations that in 
epidemiological studies have been shown to be sensitive to the adverse health 
effects of diesel [6, 7]. Our results show that dose and duration of exposure, as well 
as the time of analysis post-exposure, are important determinants in the analysis of 
the effect of DE on differentiated human airway epithelial cells. Our results 
therefore confirm and extend previous findings on the induction of the oxidative 




of the integrated stress response to diesel exposures. Finally, our studies provide 
evidence that not only the dose of diesel delivered on cells, but also the exposure 
time during which this DE dose is delivered are important determinants in the 
cellular response to diesel exposure. 
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Exacerbations constitute a major cause of morbidity and mortality in patients 
suffering from chronic obstructive pulmonary disease (COPD). Both bacterial 
infections, such as those with non-typeable Haemophilus influenzae (NTHi), and 
exposures to diesel engine emissions are known to contribute to exacerbations in 
COPD patients. However, the effect of diesel exhaust (DE) exposure on the 
epithelial response to microbial stimulation is incompletely understood, and 
possible differences in the response to DE of epithelial cells from COPD patients 
and controls have not been studied. Primary bronchial epithelial cells (PBEC) were 
obtained from age-matched COPD patients (n=7) and controls (n=5). PBEC were 
cultured at the air-liquid interface (ALI) to achieve mucociliary differentiation. ALI-
PBECs were apically exposed for 1 h to a stream of freshly generated whole DE or 
air. Exposure was followed by 3 h incubation in presence or absence of UV-
inactivated NTHi before analysis of epithelial gene expression. DE alone induced 
an increase in markers of oxidative stress (HMOX1, 50-100-fold) and of the 
integrated stress response (CHOP, 1.5-2-fold and GADD34, 1.5-fold) in cells from 
both COPD patients and controls. Exposure of COPD cultures to DE followed by 
NTHi caused an additive increase in GADD34 expression (up to 3-fold). 
Importantly, DE caused an inhibition of the NTHi-induced expression of the 
antimicrobial peptide S100A7, and of the chaperone protein HSP5A/BiP. Our 
findings show that DE exposure of differentiated primary airway epithelial cells 
causes activation of the gene expression of HMOX1 and markers of integrated 
stress response to a similar extent in cells from COPD donors and controls. 
Furthermore, DE further increased the NTHi-induced expression of GADD34, 
indicating a possible enhancement of the integrated stress response. DE reduced 
the NTHi-induced expression of S100A7. These data suggest that DE exposure 
may cause adverse health effects in part by decreasing host defense against 
infection and by modulating stress responses. 
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Introduction 
Exposure to particulate air pollution is associated with a range of adverse health 
effects, including respiratory infections [1]. Diesel exhaust (DE) constitutes the 
major source of traffic-related air pollution in the most densely populated areas [2]. 
Exposures to traffic pollution have been associated with development of lung 
disease [3-5] and an increased risk for patients with pre-existing lung disease for 
development of symptoms [2, 6]. Exposure to particulate air pollution is also 
associated with exacerbations in patients with chronic obstructive pulmonary 
disease (COPD), linking COPD exacerbations to episodes of increased (traffic-
related) air pollution [7-9]. This may be the result of higher susceptibility of COPD 
patients to the adverse effects of DE. Most COPD exacerbations are associated 
with bacterial and/or viral respiratory infections, as illustrated by the presence of 
bacteria such as non-typeable Haemophilus influenzae (NTHi) in the lower 
respiratory tract of 50% of patients during exacerbations [10]. However, since 
urban air pollution is a mixture of DE and other air pollutants and several variables 
can influence individual exposures, a direct link between traffic-related air pollution 
and infections has not been established based on observational studies [2]. 
Experimental studies have clearly shown that diesel particles impair host defense 
by suppressing e.g. macrophage and epithelial cell function [11-13]. So far the 
effect of whole DE (a complex mixture of both particles and gaseous component) 
on host defense function of cultured primary human airway epithelial cells has not 
been studied. 
The airway epithelium constitutes the first barrier for inhaled toxic compounds such 
as DE and respiratory pathogens [14, 15]. The airway epithelium of COPD patients 
is characterized by an increased susceptibility to infections, reduced antimicrobial 
response and increased oxidative stress and integrated stress response [15]. In 
vitro cultures of epithelial cells from COPD patients have revealed a partial 
persistence of the COPD phenotype in culture [16, 17]. This is important since the 
airway epithelium can exert an active function in the innate immune responses by 
releasing antimicrobial peptides and proteins (AMPs), such as human beta-




(S100A7), lipocalin-2 (LCN2) and secretory leukocyte protease inhibitor (SLPI) [14, 
15]. Previous studies showed that treatment of A549 lung epithelial tumor cells with 
resuspended air pollution particles reduced hBD-2 [11], while coal fly ash interfered 
with Pseudomonas aeruginosa bacterial killing by primary bronchial epithelial cells 
in vitro and in a mouse model in vivo [18]. 
We and others have used whole DE (instead of resuspended particles) to 
investigate effects of diesel on human cells and demonstrated that it increases 
markers of the oxidative stress response, such as heme oxygenase 1 protein (HO-
1, encoded by HMOX1 mRNA) in A549 cells and primary bronchial epithelial cells 
[19-21], as well as production of pro-inflammatory mediators, including CXCL8 [22]. 
We also showed that whole DE causes activation of the integrated stress response 
(ISR) in human bronchial epithelial cells [21].  A key and early event in activation of 
the ISR is the phosphorylation of the initiation factor of protein translation eIF2α. 
This phosphorylation can be mediated by four different kinases, PERK (protein 
kinase R (PKR)-like endoplasmic reticulum kinase), HRI (heme-regulated eIF2α 
kinase), GCN2 (general control nonderepressible kinase 2) and PKR (protein 
kinase R), which are activated by specific stimuli. Phosphorylation of eIF2α results 
in inhibition of protein synthesis, and preferential transcription of the transcriptional 
factor ATF4 which induces expression of CHOP and GADD34 [23]. In addition, cell 
injury induced by oxidative stress may result in an unfolded protein response 
(UPR), in which PERK-mediated eIF2α phosphorylation occurs simultaneously with 
the activation of IRE1α, generating spliced XBP1, and ATF6 (both inducing 
expression of chaperones such as BiP [23, 24]).  
Since activation of the airway epithelium by respiratory pathogens such as NTHi is 
a central event during COPD exacerbations, we focused on the ability of DE to 
modulate this activation. We hypothesized that the effect of diesel differs between 
epithelial cells from COPD patients and controls and that whole DE impairs 
production of AMPs by primary differentiated airway epithelial cells. Primary 
bronchial epithelial cells (PBECs) from COPD patients and controls were cultured 
at the air-liquid interface (ALI) to achieve mucociliary differentiation. To adequately 
mimic the in vivo exposure of epithelial cells to DE, exposures were performed with 
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DE produced by a non-road mobile machinery stage IIIb [21], before addition of 
UV-inactivated non-typeable Haemophilus influenzae (NTHi). 
Materials and methods 
Bronchial epithelial cell culture and donor characterization 
Cells were obtained from macroscopically normal and tumor-free lung tissue from 5 
non-COPD and 7 COPD donors undergoing resection surgery for lung cancer at 
the Leiden University Medical Center. Patient groups were matched for age. 
Disease status of COPD donors (two GOLD III, three GOLD II and two GOLD I) 
was based on lung function according to the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) classification [25]. Mean FEV1 % predicted and 
FEV1/FVC were significantly lower in COPD patients compared to controls. Two 
COPD donors were ex-smokers (3 and 6 years) and three were current smokers. 
In the non-COPD group one patient never smoked, three were ex-smokers and 
one was a current smoker (Table 1). No information on smoking history was 
available for two COPD donors. 
 
 COPD SD non-COPD SD 
GENDER 5/2 (M/F) - 4/1 (M/F) - 
AGE, years 62.57 7.41 66.60 2.70 
BMI (%) 24.55 2.13 26.70 1.09 
FEV1 (%predicted) 67.46 22.84 94.82 24.09 
FEV1/FVC (%) # 54.83 9.20 75.51 4.49 
Smoking history 
(never smoker/ ex-/ current 
smoker) -/2/3* - 1/3/1 - 
  
 
Primary bronchial epithelial cells (PBECs) obtained from bronchial ring tissue were 
first expanded submerged in keratinocyte serum free medium (KSFM, Life 
Table 1. Donor characterization. 
#Data are mean ± SD. # p < 0.01 vs non-COPD subjects by Mann-Whitney t-test. 





technologies) supplemented with penicillin (Lonza, Verviers, Belgium), 
streptomycin (Lonza), epithelial growth factor (EGF, Life technologies), bovine 
pituitary extract (BPE, Gibco) isoproterenol (Sigma-Aldrich, St. Louis, USA), and 
ciprofloxacin (Fresenius Kabi, Schelle, Belgium) as previously described [21]. Then 
cells were seeded onto 12 well-plate Transwell inserts (Corning Costar 
Corporation, Cambridge, MA) and cultured in BEBM in a 1:1 mix with DMEM 
(Lonza) supplemented with BEGM SingleQuot (Lonza), penicillin/streptomycin 
(Lonza), BSA (1 mg/ml, Sigma-Aldrich) and additional retinoic acid (15 ng/ml, 
Lonza). After reaching confluence, apical medium was removed and cells were 
cultured at the air-liquid interface (ALI) for two weeks to allow mucociliairy 
differentiation, as demonstrated by the presence of ciliated and mucus-producing 
cells [26]. 
Whole diesel exposure system 
Exposures of ALI-PBECs to air or diesel exhaust (DE) were performed in Vitrocell® 
units (Waldkirch, Germany) in triplicate as previously described [21]. Emissions 
were produced by a diesel engine comparable to a stage IIIb non-road diesel 
engine operating at a steady load. DE was diluted immediately 9-times with 
humidified air to generate a mixture that was defined as DE, and that in a previous 
study was found to induce cellular responses in ALI-PBEC [21]. Particle matter 
(PM) concentrations in the 9-times diluted DE were quantified by TSI scanning 
mobility particle sizer (SMPS; model 3936L22 TSI Incorporated, Shoreview, MN, 
USA). PM concentration was assessed during 1 h exposure to DE by SMPS, and 
shown to be 1.51 ± 0.12 mg/m3. The dose delivered to the cells (delivered dose, 
DD) was calculated to be 0.40 μg/cm2 based on flow velocity, PM concentration, 
time of exposure and transwell surface area, as previously described [21]. The 
deposited dose (dd) on inserts was calculated to be 6.86 ng/cm2 based on a 
calculated deposition efficiency of 1.7 % of the delivered dose as described [21]. 
During each exposure session, temperature (average of twelve exposures: 23.64˚C 
with 0.50˚C as standard deviation), relative humidity (63.57 ± 1.57 %), carbon 
dioxide (0.46 ± 0.02 %) and oxygen content (19.98 ± 0.04 %) were monitored and 
maintained constant. Based on estimation of the delivered doses, we previously 
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calculated that 1 h exposure used in our in vitro exposure system corresponded to 
2.25 h exposure in vivo to a relatively high level of pollution (50 µg/m3) [26, 27].  
UV-inactivated non-typeable Haemophilus influenzae 
Non-typeable Haemophilus influenzae (NTHi) strain D1 [28] was cultured as 
previously described [29]. Briefly, bacteria were grown on chocolate agar plates 
(bioMérieux, Zaltbommel, The Netherlands) and one single colony was transferred 
into 10 ml of Tryptic Soy Broth (TSB) plus hemin (factor X) and nicotinamide 
adenine dinucleotide (NAD or factor V; TSB plus factor X and V, Mediaproducts 
BV, Groningen, the Netherlands) and incubated while shaking overnight at 37° C. 
Two ml of this overnight culture was inoculated in a fresh tube with 10 ml of TSB 
plus factor X and V for four hours while shaking at 37°C to obtain a log-phase 
culture. NTHi bacteria were harvested by centrifugation for 10 min at 1840 g, re-
suspended in PBS and quantified at OD600 nm. Next bacteria were diluted in PBS 
to a concentration of 1*109 CFU/ml, and inactivated by exposure to UV-light for 2 h. 
Exposure to whole diesel exhaust and other stimuli 
Cells from 5 non-COPD and 7 COPD donors were exposed in triplicate to air or 
high DE (9-fold diluted, DD 0.40 μg/cm2) as previously described [21]. Briefly, at 24 
h before exposure the apical side of ALI-PBECs was washed with 100 µl of PBS to 
remove mucus and cell debris. For each condition, three inserts per donor were 
exposed to DE or air within Vitrocell® exposure units with 3 ml of medium in the 
basal compartment. After 1 h exposure, the Transwell inserts (Corning Costar 
Corporation, Cambridge, MA) were transferred into 12 well-plates with fresh media. 
After 1 h exposure to air or high DE, 100 µl of PBS or 100 µl of 1x109 CFU/ml of 
UV-inactivated NTHi in PBS was added to the apical side of the cultures and 
incubated for 3 h. In addition, inserts from the same donors that were not exposed 
to air or DE in the exposure unit, were incubated in duplicate with fresh media as 
untreated controls or treated with TGFβ (20 ng/ml; R&D system), TNFα (20 ng/ml; 
Peprotech), tunicamycin (Tm; 5 µg/ml, Sigma) that were added to the basolateral 




controls for oxidative stress response, inflammatory response, unfolded protein 
response and antimicrobial response respectively. All controls were incubated with 
100 µl of PBS apically. 
Transepithelial electrical resistance (TEER) and LDH release 
Transepithelial electrical resistance was measured using an electrometer EVOM2 
(World Precision Instruments, Sarasota, FL). Ohm values were subsequently 
multiplied by the surface of the Transwell inserts (1.12 cm2) to obtain the unit area 
resistance which was expressed as Ohm*cm2. Cytotoxic effects were investigated 
using the LDH detection Kit (LDH detection Kit, Roche, ver. 10) by assessment of 
LDH in basal media and apical washes, and expressed as % release of the positive 
controls treated with 0.01% (v/v) TRITON-X100 (Sigma). 
Quantitative real-time PCRs 
Total RNA was extracted using the Maxwell® 16 simplyRNA Tissue Kit (Promega, 
Leiden, NL) as described [21]. RNA samples were then converted to cDNA by 
adding MML-V enzyme (Promega), oligo(dT) primers and RNAsin (Promega). 
Quantitiave PCR reactions were performed using the CFX-384 RT-PCR detection 
system (Bio-Rad Laboratories, Veenendaal, The Netherlands) and iQSybr green 
Supermix (Biorad). Gene expression was assessed with the standard curve 
method (Bio-Rad CFX manager 3.0 software, Bio-Rad) for markers of oxidative 
stress (HMOX1), unfolded protein response (DDIT3/CHOP, PPP1R15A/GADD34, 
HSPA5/BiP and spliced XBP1), inflammation (CXCL8) and antimicrobial response 
(DEFB4A/hBD2 and S100A7). Arbitrary gene expression levels were normalized 
using expression of the reference genes ATP5b and RPL13a, which were selected 
using the GeNorm method [30]. All primers sequences, temperatures and gene ID 
are indicated in table 2. 
 
 









ATP5B 63° TCACCCAGGCTGGTTCAGA 
AGTGGCCAGGGTAGGCTGAT 
NM_001686 
RPL13A 63° AAGGTGGTGGTCGTACGCTGTG 
CGGGAAGGGTTGGTGTTCATCC 
NM_012423 
MUC5AC 65° CCTTCGACGGACAGAGCTAC 
TCTCGGTGACAACACGAAAG 
[31] 
FOXJ1 65° GGAGGGGACGTAAATCCCTA 
TTGGTCCCAGTAGTTCCAGC 
[29] 
HMOX1 63° AACCCTGAACAACGTAGTCTGCGA 
ATGGTCAACAGCGTGGACACAAA 
NM_002133 
















splXBP1 62° TGCTGAGTCCGCAGCAGGTG 
GCTGGCAGGCTCTGGGGAAG 
[33] 
CXCL8 59° CTG GAC CCC AAG GAA AAC 


















For each donor, means were calculated from the triplicate experimental conditions. 
Within non-COPD and COPD groups, the effects of exposure conditions were 
compared to relative controls using a two-tailed One-Way ANOVA with Bonferroni’s 
correction to take repeated measures into account. Differences in response to DE 
or DE and NTHi between non-COPD and COPD donors were compared with a 
nonparametric t-test for independent samples (Mann-Whitney test). Differences 
were considered statistically significant at p<0.05. 
Results  
Study design and epithelial cell characteristics 
Based on previous findings [21], we selected exposure for 1 h to DE to mimic a 
short, transient exposure to DE. In pilot experiments, three hours post-exposure 
incubation was found to be optimal to study DE-induced expression of the 
antioxidant response, ISR, and NTHi-induced inflammatory and antimicrobial 
responses at the mRNA level. To compare epithelial differentiation in cultures from 
COPD and non-COPD donors, gene expression of differentiation marker was 
analyzed. Expression of MUC5AC (oligomeric mucus/gel-forming, marker for 
mucus producing cells) was higher in COPD cultures, but this difference did not 
reach statistical significance (p=0.073). FOXJ1 (forkhead box J1, marker for 
ciliated cells) appeared lower in COPD, but this difference was not significant 
(Additional file 1: Figure S1A and S1B). While no disease-related differences were 
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Epithelial barrier and cytotoxicity 
Effects of DE exposure followed by exposure to UV-inactivated NTHi on epithelial 
barrier activity (TEER) and cytotoxicity (LDH release) were assessed in cells from 5 
non-COPD and 7 COPD donors. No effect of these treatments on TEER and 
cytotoxicity was observed in both groups of patients (Fig. 1A and 1B). 
 
 
Gene expression of heme oxygenase-1 and of genes involved in the integrated 
stress response (ISR)  
Cells from 5 non-COPD and 7 COPD donors were exposed to DE followed by 
exposure to NTHi, and analyzed for mRNA expression. In cells from both non-
COPD and COPD donors, DE significantly increased HMOX1 mRNA expression 
Figure 1. Epithelial barrier and cytotoxicity. Cells from 5 non-COPD and 7 COPD 
donors were exposed for 1 h to air (Air) or diesel exhaust (DE) and then incubated for 3 
h with or without UV-inactivated NTHi that was added to the apical side (Air+NTHi or 
DE+NTHi). As controls, inserts not placed in the exposure units were also incubated for 
3 h as untreated (U) or with NTHi alone (NTHi). TEER values (trans-electrical epithelial 
resistance) were measured and expressed as Ohm*cm2 (A), while LDH release in the 
apical and basal compartment was quantified and expressed as % of the positive control 
(0.01 % TRITON-X 100) (B). Data are shown as boxes with median, with the whisker 
indicating the minimum and the maximum values detected. No significant differences 




(marker for oxidative stress response) both in presence (*p=0.0104 for non-COPD 
and p=0.0128 for COPD donors) or absence of NTHi exposure (*p=0.0101 and 
**p=0.0068, Fig. 2A). DE did not increase expression of HSPA5 (encoding BiP, a 
chaperone protein marker for the unfolded protein response [UPR] to endoplasmic 
reticulum stress; Fig. 2B) or spliced XBP1 (data not shown), in contrast to 
tunicamycin (Tm; used as a positive control). DE significantly inhibited HSPA5 
expression in COPD donors (**p=0.0045, Fig. 2B). HSPA5 expression was also 
reduced by DE in cells treated with NTHi, compared to the air controls incubated 
with NTHi, with a significant reduction in both COPD and controls group 
(**p=0.0014 and *p=0.0230 respectively, Fig. 2B). Tunicamycin (Tm) caused a 
marked increase in HSPA5/BiP (Fig. 2B), DDIT3/CHOP, PPP1R15A/GADD34 
(Additional file 2: Figure S2A and S2B) and spliced XBP1 (data not shown), 
indicating that all pathways of the UPR are activated in both COPD and non-COPD 
epithelial cells. DE exposure also increased expression of both markers of the ISR, 
both in presence and absence of NTHi: DDIT3/CHOP mRNA was increased in 
cells from both non-COPD and COPD donors after DE exposure; this DE-induced 
increase in DDIT3/CHOP only reached significance in cells from COPD patients 
(Fig. 2C; *p=0.0493), whereas the further increase in presence of NTHi after DE 
exposure did not reach statistical significance. PPP1R15A/GADD34 was also 
significantly increased after DE exposure in COPD donors (Fig. 2D; *p=0.0265). 
Furthermore, the difference in expression of PPP1R15A/GADD34 between cells 
exposed to DE with or without subsequent NTHi treatment was significant only in 
COPD donors (*p=0.0182). Similarly, PPP1R15A/GADD34 expression was 
significantly increased by NTHi alone in air-exposed cells (*p=0.0132 in controls 
groups and **p=0.0011 in COPD), whereas DDIT3/CHOP was not affected. Finally, 
NTHi alone also increased PPP1R15A/GADD34 expression in cells not present in 
the exposure modules, but this increase did not reach statistical significance (data 
not shown). 




Figure 2. Gene expression of heme oxygenase-1 and of genes involved in the 
integrated stress response (ISR). ALI-PBECs from COPD and control donors were 
exposed for 1 h to air (Air) or DE, followed by 3 h exposure to UV-inactivated NTHi 
(Air+NTHi or DE+NTHi). TGFβ (20 ng/ml) is shown as positive control for the oxidative 
stress response (A), tunicamycin (20 ng/ml, Tm) for the BiP expression (B) and controls 
with NTHi alone (NTHi). Expression was assessed of HMOX1 mRNA as marker of the 
oxidative stress response (A), and of HSPA5 (B), DDIT3/CHOP (C) and 
PPP1R15A/GADD34 (D) as markers of the unfolded protein response (UPR) to ER 
stress. Data are shown as boxes with median, with the whisker indicating the minimum 
and the maximum values detected. mRNA induction is expressed as fold from untreated 
control (indicated by a dashed line) after normalization on two reference genes. 
Statistical significance of differences is indicated as *p<0.05, **p<0.01 and ***p<0.001 




Expression of genes involved in the inflammatory and antimicrobial response 
NTHi caused a marked and significant increase in CXCL8 mRNA in all donors, 
whereas its induction following DE exposure alone was only modest and did not 
reach statistical significance (Fig. 3A). Only after combining the non-COPD and 
COPD groups, we observed a statistically significant induction of CXCL8 mRNA 
(*p=0.0064, not shown) by DE. NTHi also significantly increased expression of 
S100A7 after combining the non-COPD and COPD groups (***p=0.0002, not 
shown). Expression of both DEFB4A/hBD2 and S100A7 was inhibited by prior DE 
exposure, without reaching statistical significance, due to the substantial inter-
donor variation (Fig. 3B and Fig. 3C). Again, after combining the COPD and control 
group in the analysis, the DE-mediated inhibition of S100A7 was found to reach 
significance (*p=0.0155, not shown). Similar observations on responses of cells 
exposed to TNFα instead of NTHi were made (Additional file 3 and 4: Figure S3 
and S4). Three hours incubation with UV-NTHi was not sufficient to increase LCN2 
or SLPI mRNA levels (data not shown).  




Figure 3. Expression of CXCL8 and antimicrobial proteins. ALI-PBECs from COPD 
and control donors were exposed for 1 h to air (Air) or DE, followed by 3 h exposure to 
UV-inactivated NTHi (Air+NTHi or DE+NTHi); cultures not exposed in the exposure units 
but treated with NTHi alone (NTHi) are reported as positive controls. Analysis of gene 
expression of the neutrophil attracting chemokine CXCL8 (A), the antimicrobial peptide 
DEFB4A (B), and S100A7 (C) is shown. Data are shown as boxes with median, with the 
whisker indicating the minimum and the maximum values detected. mRNA induction is 
expressed as fold from the untreated control (indicated by a dashed line) after 
normalization on two reference genes. Statistical significance of differences is indicated 
as *p<0.05, **p<0.01 and ***p<0.001 and was assessed using a two-tailed One-Way 
ANOVA with Bonferroni’s correction. 
When combining the non-COPD and COPD groups, a statistically significant induction of 
CXCL8 mRNA by DE was observed (p=0.0064; data not shown in the figure) as well as 
a significant DE-mediated inhibition of the NTHi-induced S100A7 mRNA (p=0.0155; data 





In the present study, we showed that primary bronchial epithelial cells from COPD 
and non-COPD patients respond to diesel exhaust (DE) exposure by an increased 
expression of the oxidative stress response gene HMOX1 and of CXCL/IL-8, and 
activation of the integrated stress response (ISR), while no effect on barrier 
function or cell death was found in both groups. Although there was a tendency for 
higher responses to DE in COPD patients, this did not reach statistical significance. 
Furthermore, NTHi significantly increased expression of PPP1R15A/GADD34 
mRNA in absence of activation of other investigated markers of the UPR or ISR, 
and this expression was further increased by prior DE exposure in COPD donors. 
In contrast, DE alone significantly reduced expression of the chaperone 
HSPA5/BiP in COPD donors. The DE-mediated HSPA5/BiP inhibition was 
significant in both groups in NTHi-treated cultures. The ability to mount an unfolded 
protein response (UPR) or ISR in response to tunicamycin did not differ between 
COPD and controls. Importantly, DE exposure appeared to inhibit the ability of 
NTHi to increase gene expression of the antimicrobial peptide DEFB4A/hBD-2 and 
S100A7, but this only reached statistical significance for S100A7 after combining 
the COPD and control group.  
We previously showed that diesel induces transcription of heme-oxygenase-1 (HO-
1) mRNA (HMOX1) [21]. Here we confirm this DE-mediated induction of HMOX1 in 
primary cells using a shorter exposure time and therefore lower deposited dose of 
DE. At 3 h after exposure, HMOX1 mRNA was increased in all cells exposed to DE 
(~50-100-fold), with a non-significant reduction in presence of NTHi in both donor 
groups. Several pathways are involved in induction of HMOX1 mRNA, including 
redox sensitive activation of the transcription factor Nrf2 [34] which has been 
shown to be modulated by cigarette smoke [35, 36]. Recently, it has been 
suggested that ATF4 can act in concert with Nrf2 to induce HMOX1 expression as 
a protective mechanism preventing apoptosis of tumor cells [37]. ATF4 is a key 
factor in the ISR and in PERK-mediated activation of the UPR. Here we showed 
that DE exposure increased DDTI3/CHOP and PPP1R15A/GADD34 mRNA, which 
is indicative of ATF4 translation and action [23]. No cytotoxic effects were observed 
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at 3 h incubation, and furthermore we previously showed absence of cytotoxicity at 
24 h post-exposure using the same exposure conditions [21]. Whereas our data 
suggest involvement of ATF4, further studies are needed to clarify which 
transcriptional factors contribute to the induction of HMOX1 mRNA after DE 
exposure and to understand its role in protection against DE. 
DDTI3/CHOP and PPP1R15A/GADD34 mRNA induction occurred without a 
concomitant increase of HSPA/BiP or spliced XBP1 [data not shown], markers for 
the other two UPR arms. This confirms our previous observation on a possible 
involvement of the ISR in the epithelial response to DE [21], using shorter exposure 
durations. For the first time, we demonstrated that NTHi causes a selective 
increase in GADD34, without activation of the other investigated markers of the 
ISR (CHOP) or UPR. Furthermore, we observed that this increase is enhanced by 
prior exposure to DE. In a previous study, we showed that Pseudomonas 
aeruginosa (PAO1) (also associated with COPD exacerbations) induces 
PPP1R15A/GADD34 expression in epithelial cells likely involving activation of 
heme-regulated eIF2α kinase (HRI; [38]). In line with our observation on selective 
induction of GADD34 by NTHi, other studies also showed that microbial stimulation 
increases PPP1R15A/GADD34 mRNA independent from DDTI3/CHOP mRNA 
induction [39, 40]. This may be relevant to COPD pathogenesis, since colonization 
by respiratory pathogens such as NTHi is a frequent finding in COPD patients [10] 
and may help to explain the presence of markers of activation of ISR as observed 
in COPD lung tissue [41]. 
Cellular exposure to diesel particles has been commonly associated with activation 
of an inflammatory response with an increase in markers such as CXCL8 and IL-6 
[22, 42]. CXCL8 mediates recruitment of neutrophils, which are increased in the 
lung of COPD patients during an exacerbation [43]. We also observed that whole 
DE caused a moderate increase in CXCL8 expression, which reached statistical 
significance when increasing power by merging the COPD and non-COPD 
cultures. However, the NTHi-induced CXCL8 expression was not influenced by the 
previous DE exposure. Which constituents of the diesel mixture and which 




we showed that DE exposure limited the ability of the lung epithelium to respond to 
NTHi with an antimicrobial response in primary bronchial epithelial cells from 
COPD patients. Previously, DEFB4A/hBD2 mRNA was found to be reduced in 
submerged cultures of the alveolar cell line (A549) treated with diesel exhaust 
particles [11]. Furthermore, treatment with DEP impaired innate immune responses 
in primary peripheral blood mononuclear cell (PBMC) [13]. Our study adds to this 
information by showing that exposure of differentiated primary airway epithelial to 
whole DE, instead of aged DE particles in suspension, decreases NTHI-induced 
expression of DEFB4A/hBD2 and S100A7. Although this inhibition did not reach 
statistical significance due to substantial inter-donor variation, a DE-induced 
impairment of expression of these and other antimicrobial peptides may be highly 
relevant to COPD considering the strong link between both exposure to particulate 
air pollution and COPD exacerbations [7-9], and between NTHi and COPD 
exacerbations [10]. Three hours exposure to NTHi was insufficient to detect hBD-2 
protein release. Therefore, further analyses of the antimicrobial response at the 
protein and functional level are required to elucidate the implications of our 
findings, and mechanistic studies are needed to delineate the underlying 
mechanisms. A previous study did suggest a mechanism by which PM10 and PM2.5 
diesel particles reduce the M. tuberculosis-induced hBD2 expression in A549 
epithelial cells, which was proposed to involve induction of cellular senescence 
[11]. However, such particles have been reported to also enhance the IL-1β-
induced DEFB4A expression in the same A549 cells which was suggested to 
involve NF-kappaB signalling [44]. These apparently conflicting data do not provide 
a clear link to a mechanism. In addition, these previous studies were conducted 
using higher doses of aged diesel particles compared to the delivered dose of 0.40 
μg/cm2 used in the present study. Furthermore, comparisons are limited by the 
different method of administration of diesel particles in a liquid-based delivery 
exposure system, and the use of the A549 tumor epithelial cell line, which do not 
mimic realistic exposure. No data were previously reported on the influence of 
diesel exhaust on S100A7 expression.  
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The use of air-liquid interface (ALI) cultures of primary bronchial epithelial cells 
(PBECs) provides several advantages for investigation of pulmonary defense 
mechanisms, and for toxicological studies involving exposure to complex mixtures 
such as diesel emissions. Furthermore, the ALI condition allows cells to 
differentiate, resembling the lung mucosa and at least partly maintaining the 
phenotypical characteristics of the disease state, as shown here by the differential 
expression of markers such as MUC5AC between COPD and controls donors. A 
limitation of the present study was that only cells from patients with mild-to-
moderate COPD and not from those with more severe disease were available for 
this study, and no comparison to never-smokers was performed. Therefore putative 
differences in the response to DE may have been underestimated. Furthermore, 
although some responses appeared to be significant only in patients with COPD, 
we cannot formally exclude the possibility that the difference in size of the groups 
(n=7 for COPD, and n=5 for non-COPD) has contributed to this observation. 
Therefore, in addition to disease severity, also the small sample size of the two 
groups may help to explain the lack of statistical significant differences between the 
response of COPD donors and controls. A major advantage of using controlled 
exposure to whole diesel emissions (rather than resuspended particles) as 
performed in the present study, is the possibility to study exposure conditions 
relevant to real life exposure. In our previous study [21], we demonstrated the 
relevance of DE doses investigated in our in vitro model of exposure, where 1 h 
correspond to 2.25 h exposure in vivo to relatively high level of pollution. Such 
short periods of exposure did not lead to adverse effects on barrier and viability, 
suggests that chronic/repeated exposures to DE are feasible. 
Conclusion 
In the present study we show that DE exposure causes activation of both an 
oxidative stress response and an integrated stress response in primary airway 
epithelial cells from both COPD patients and (ex)-smoking controls, without marked 
differences in their response. Furthermore, we showed that NTHi also causes 
selective activation of the ISR, which is further enhanced by prior DE exposure. 




by NTHi. These data suggest a potential link between diesel exposure and NTHi 
infection during COPD exacerbations, involving DE- and NTHI-induced activation 
of the ISR and DE-mediated alterations in the NTHI-induced innate immune 
response of the lung epithelium. 
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Figure S1. MUC5AC and FOXJ1 basal expression in COPD and control donors. 
MUC5AC (oligomeric mucus/gel-forming, marker for mucus producing cells, 1A) and 
FOXJ1 (forkhead box J1, marker for ciliated cells, 1B) mRNA expression in untreated 
controls from COPD and control donors. Data are shown as normalized expression 
based on two reference genes, ATP5b and RPL13A. Statistical differences were studied 
with an independent nonparametric samples t-test. 
Figure S2. Tunicamycin-induced unfolded protein response. Cellular response of 5 
non-COPD and 7 COPD donors treated for 3 h with 5 µg/ml tunicamycin (Tm) which was 
added to the basal compartment. DDIT3/CHOP (2A) and PPP1R15A/GADD34 (2B) 
mRNA expression is shown as fold from untreated controls after normalization on two 









Figure S3. NTHi-induced inflammatory, antimicrobial response and HSPA5/BiP 
induction. Cellular response of 5 non-COPD and 7 COPD donors treated for 3 h with 
UV-NTHi added to the apical side. CXCL8 (3A), DEFB4A (3B), S100A7 (3C) and 
HSPA5/BiP (3D) mRNA expression is reported as fold from untreated controls after 
normalization on two reference genes, ATP5b and RPL13A. 




Figure S4. TNFα-induced inflammatory, antimicrobial response and HSPA5/BiP 
induction. Cellular response of cultures from 5 non-COPD and 7 COPD donors treated 
for 3 h with 20 ng/ml of TNFα added to the basal medium. CXCL8 (4A), DEFB4A (4B), 
S100A7 (4C) and HSPA5/BiP (4D) mRNA expression is reported as fold from untreated 
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Harmful effects of diesel emissions can be investigated via exposures of human 
epithelial cells, but most of previous studies have largely focused on the use of 
diesel particles or emission sources that are poorly representative of engines used 
in current traffic.  
We studied the cellular response of primary bronchial epithelial cells (PBECs) at 
the air-liquid interface (ALI) to the exposure to whole diesel exhaust (DE) 
generated by a EURO V bus engine, followed by treatment with UV-inactivated 
non-typeable Haemophilus influenzae (NTHi) bacteria to mimic microbial exposure. 
The effect of prolonged exposures was investigated, as well as the difference in the 
responses of cells from COPD and control donors and the effect of emissions 
generated during a cold start. HMOX1 and NQO1 expression was transiently 
induced after DE exposure. DE inhibited the NTHi-induced expression of human 
beta-defensin-2 (DEFB4A) and of the chaperone HSPA5/BiP. In contrast, 
expression of the stress-induced PPP1R15A/GADD34 and the chemokine CXCL8 
was increased in cells exposed to DE and NTHi. HMOX1 induction was significant 
in both COPD and controls, while inhibition of DEFB4A expression by DE was 
significant only in COPD cells. No significant differences were observed when 
comparing cellular responses to cold engine start and prewarmed engine 
emissions. 
  
 Human airway epithelial exposures to a Euro V bus engine emissions 
95 
Introduction 
Diesel exhaust (DE) exposures constitute a health risk for large populations living 
in urbanized areas [1, 2]. Especially those suffering from chronic inflammatory lung 
diseases such as chronic obstructive pulmonary disease (COPD) and asthma may 
experience an increase in exacerbations during periods of high diesel exhaust 
exposure [3, 4]. The mechanisms by which traffic-related air pollution may trigger 
exacerbations are largely unresolved. Oxidative stress is often considered a 
hallmark for DE exposure and is increased in chronic inflammatory lung disease [5, 
6]. Indeed, several studies analyzed heme oxygenase 1 (HMOX1) and NAD(P)H 
quinone dehydrogenase 1 (NQO1) mRNA expression to characterize the DE-
induced cellular oxidative stress [7-9]. However, a direct link between such DE-
induced oxidative stress markers with disease exacerbations has not been 
established. In addition to air pollution, viral and bacterial infections are associated 
with COPD exacerbations [10]. Non-typeable Haemophilus influenzae (NTHi) is 
commonly detected during acute COPD exacerbations, but is also present in 
patients with stable disease [11]. Therefore, possibly DE exerts its effect on 
exacerbations through impairment of host defense against respiratory infections. 
The lung epithelium releases antimicrobial peptides and proteins such as human 
beta defensin (hBD)-2 and S100 calcium binding protein (S100A7) in response to 
bacterial infections [12]. Previously, impairment of such defenses by cigarette 
smoke was demonstrated and implicated in the increased susceptibility of smokers 
to respiratory infection [13, 14]. We have recently obtained evidence that DE may 
exert similar effects of epithelial cell cultures, as shown by its ability to decrease 
induced hBD-2 expression [15]. Another mechanism that may deregulate epithelial 
defense in COPD is provided by the observation of chronic activation of the 
integrated stress response (ISR) in COPD and other inflammatory lung diseases 
that may result from oxidants such as cigarette smoke as well as micro-organisms 
[16, 17]. Therefore, detrimental effects of chronic activation of the ISR may also 
contribute to the effects of DE.  
Air-liquid interface (ALI) cultures are a useful tool to investigate effects of exposure 




epithelial cells (PBEC), differentiated and exposed at the air-liquid interface (ALI) 
can better mimic the physiological composition of the lung epithelium in vitro. 
Effects of DE exposures on the antimicrobial response and the ISR of ALI-PBECs 
have been previously showed [7, 15]. Although these studies provided evidence for 
modulation of these mechanisms by DE, like most other studies they relied on the 
use of diesel exhaust emissions that can be compared to relatively high levels of 
ambient pollution. However, this may not fully represent the modern diesel engines 
that increasingly appear in traffic. Therefore, in the present study DE exposures 
were performed using emissions of city bus with EURO V diesel engine with 
selective catalytic reduction (SCR) catalyst using urea as reductant as after-
treatment device, following the city-like Braunschweig testing cycle to mimic the 
pattern of acceleration typical for city traffic. We studied the cellular response of 
cells from (ex)smokers with a normal lung function and those with COPD to DE, 
and explored the modulation of bacteria-induced gene expression by DE to study 
modulation of innate immunity. Finally, we investigated the effect of DE generated 
by a cold engine (cold start) and compared this to that of a pre-heated engine. 
Materials and methods 
Exposure to whole diesel exhaust generated by a EURO V bus engine 
A typical EURO V bus engine (Cummins ISL 8.9 E5 280B) with maximal power of 
209 kW was used at the TNO Automotive Powertrain Test Center (Helmond, the 
Netherlands) to produce diesel exhaust for all exposure sessions that were 
performed in a temporary biological research laboratory that was installed onsite. 
The 6 cylinders engine, with a cylinder displacement of 8.9 L, was connected to a 
selective catalytic reduction (SCR) device with urea dosing (after treatment device); 
no exhaust gas recirculation (EGR) system was present on the engine. During 
each exposure, the engine ran using commercially available (trade) fuel following 
an adapted Braunschweig city cycle (30 min per cycle), which is a typical bus city 
cycle (stop and go) that is commonly used for calibration purposes [21]. In addition, 
before the start of the experiment, the European transient cycle (ETC) test was 
performed to verify that the engine complies with the EURO V legislation. 
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Experimental exposures were performed using a “warm” start set-up, following a 
first cycle of 30 min (“cold” start) during which the cells were not exposed. This 
design was followed to stabilize the emission and bypass a first burst of particulate 
matter (PM). In selected experiments, the effect of the cold start, in which particle 
concentrations were ~30 % higher compared to normal operation (Figure 1), was 
specifically addressed.  
 
 
The diesel exhaust produced was first diluted in the constant volume sampler 
(CVS) tunnel with a constant volume flow of 3*104 l/min. The first dilution of DE 
(high, about 17 time diluted) was then collected in a central tank, to be directly 
addressed to the first Vitrocell® (Waldkirch, Germany) exposure module, or further 
diluted 2.5 or 6 times to generate the mid and low DE exposure conditions. Dilution 
of the DE was achieved by extracting DE from the central tank and adding mass 
Figure 1. Particle concentrations during cold start and normal start exposures. 
Particle concentration (#/cm3) obtained by SMPS measurements of the DE emissions 
collected during the first 30 min cycle ("cold start") and a second cycle ("normal start") 




flow controlled amounts of filtered humidified air. This exposure system allowed 
exposure of three inserts to the same condition at 37°C with a flux velocity of about 
5 mL/min. In the central tank, the exhaust temperature (T) and relative humidity 
(RH) were measured with a RH/T device (TESTO 635-1, TESTO GmbH & Co, 
Lenzkirch, Schwarzwald, Germany) to be 25.5 ± 1.11 °C and 58.6 ± 7.8 %. The 
oxygen (O2) level in the central tank was 19.9 ± 0.03 vol% (mean value from two 
prolonged exposure sessions) as measured using an M&C PMA-10 oxygen 
analyzer (M&C Products Analysentechnik GmbH, Ratingen-Lintorf, Germany). On 
average, the carbon dioxide (CO2) level in the central tank was 0.152 ± 0.02 % as 
measured using a Vaisala GM70 probe with MI70 read-out unit (Vaisala, Helsinki, 
Finland). 
Chemical characterization of the emissions has been performed as described 
previously [22]. In brief in the first stage sampling points were used for: CO, CO2, 
NOx and total hydrocarbons (THC) measurement using a gas analyzer (type 
MEXA-9100DEGR, Horiba). Exhaust in the central tank, which is used for the cell 
exposure experiments, is also used for measurements of PM mass, polycyclic 
aromatic hydrocarbons (PAH) measurements using Teflon coated glass fiber filters 
in combination with the adsorbent amberlite XAD-2 resin (Rohm and Haas, Sigma 
Aldrich; PAH analysis only), as well as elemental carbon/organic carbon (EC/OC) 
analysis [23].  
Calculation of diesel dose 
The particle size distribution in the central tank was measured using a TSI 
Scanning Mobility Particle Sizer (SMPS, model 3936L22 TSI Incorporated, 
Shoreview, MN, USA). The particle number size distribution was used to calculate 
the mass concentration of the aerosol using the effective density of diesel soot [24]. 
The calculated mass concentration in the central tank was 0.206 ± 0.015 mg/m3 
(n=5). Delivered doses (DD), corresponding to the mass of particles applied to the 
inserts during the exposure time, was calculated as previously described [7], based 
on the SMPS measurements, the time of the exposure, the velocity flux and 
surface area of the inserts, using the following formula: 







In order to estimate the deposition efficiency of the particles in our system, five 
independent SMPS measurements of the first dilution of trade fuel emission were 
performed, to calculate the fractional efficiencies of particles based on the mass 
concentration [24]. The total deposition efficiency was thus estimated to be 1.9 %. 
Deposited doses (dd), i.e. the actual mass of particles predicted to be deposited on 
the epithelial cell surface, were calculated based on the delivered doses and the 
deposition efficiency (dd= DD x 1.9 %). PM concentrations, delivered doses and 
deposited doses for all exposure conditions are summarized in table 1. The first 
dilution of the DE mixture produced during two independent sessions was used for 













High 60 0.206  0.055 1.060 
     
High 150 0.206 0.138 2.650 
     
Low 360 0.034 0.055 1.060 
Mid 360 0.082 0.132 2.544 




Table 1. PM dose delivered to ALI-PBEC cultures during different exposure times. 
aPM concentrations were calculated based on SMPS measurements in the mixture 
collected in the central tank (17-fold diluted). Low and mid concentrations are calculated 
from the high concentration, using a dilution factor of 2.5 and 6, respectively. 
bDelivered dose and deposited dose were calculated as described in the materials and 





Primary bronchial epithelial cells (PBECs) were obtained from macroscopically 
normal lung tissue from patients undergoing resection surgery for lung cancer at 
the Leiden University Medical Center following the “Human Tissue and Medical 
Research: Code of Conduct for responsible use (2011)” guideline as previously 
described [7]. Cells were used from 5 non-COPD and 7 COPD donors that were 
matched for age. COPD status was determined based on the patient’s lung 
function following the Chronic Obstructive Lung Disease (GOLD) classification [10]: 
one GOLD III, five GOLD II and one GOLD I. Lung function data are shown in table 
2. 
Characteristics non-COPD (n=5) COPD (n=7) 
Age (yr) 65 ± 6 69 ± 7 
Gender (male/female) 3/2 (M/F) 4/3 (M/F) 
FEV1 (% pred) 90.82 ± 19.4 70 ± 19* 
Pre-BD FEV1 (L) 2.9 ± 0.8 1.9 ± 0.5* 
FVC (% pred) 95.0 ± 14.3 93.7 ± 21.1 
FVC (L) 3.7 ± 0.8 3.3 ± 0.9 
FEV1/FVC (%) 76.5 ± 4.9 59.3 ± 5.9* 
GOLD stage I/II/III - 1/5/1 
 
 
Following expansion, well-differentiated cultures were obtained by seeding 
passage 2 PBECs in 12 well-plate Transwell inserts (Corning Costar Corporation, 
Cambridge, MA) and feeding these every two days with a 1:1 mixture of Dulbecco’s 
modified Eagle’s medium (DMEM) and bronchial epithelial cell growth media 
(BEGM, Lonza, Verviers, Belgium) supplemented with penicillin/streptomycin 
(Lonza), BEGM SingleQuot (Lonza), bovine serum albumin (BSA, Sigma, St. Louis, 
USA) and retinoic acid (Lonza) and culture at 37⁰ C with 5 % CO2 [7]. After 
Table 2. Donor characterization. 
Data are mean ± SD. * p< 0.01 vs non-COPD subjects by Mann-Whitney t-test. 
Abbreviation: FEV1: forced respiratory volume 1; Pre-BD: precedent the use of 
bronchodilator; FVC: forced vital capacity; GOLD: Chronic Obstructive Lung Disease. 
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reaching confluence, apical medium was removed and cells were cultured for two 
weeks at the air-liquid interface (ALI) to allow mucociliary differentiation [15, 25].  
UV-inactivated non-typaeble Haemophilus influenzae 
A log-phase culture of non-typeable Haemophilus influenzae (NTHi) strain D1 [26] 
was obtained from a single colony as previously described [15]. After reaching the 
log-phase, bacterial cells were washed and diluted in phosphate-buffered saline 
(PBS) to a concentration of 1*109 colony forming unit (CFU)/mL. Bacteria were 
killed by exposure to UV-light for 2 h. 
Cell treatments and controls 
Selection of exposure duration and incubation time with NTHi were based on 
observations obtained during our previous studies [7, 15]. Following DE exposure, 
inserts were transferred into new 12 well-plates with fresh media. In the 
experimental session investigating prolonged diesel exposure without subsequent 
bacterial treatment, cells were incubated with basal media only. Cell incubation 
with bacteria was performed following exposure to DE or air for various durations, 
followed by apical addition of 100 µl of 109 CFU/mL of NTHi in PBS or PBS alone 
as controls (Table 3). For all experiments, cells from each donor were incubated 
also without placement in the exposure unit as unexposed controls (U). 
Furthermore, these unexposed cells were also treated with 20 ng/mL of 
transforming growth factor-beta (TGFβ) in the basal media (oxidative stress 
positive control), 100 µl of 109 CFU/mL of NTHi apically (NTHi positive control), or 


























Air Warm 6 1:30  17:00 - - 5 - 
Low DE Warm 6 1:30  17:00 - - 5 - 
Mid DE Warm 6 1:30  17:00 - - 5 - 











Air Warm 6 3:00 17:00 + - 3 - 
High DE Warm 6 3:00 17:00 + - 3 - 
Air Warm 6 3:00 17:00 - + 3 - 







Air Warm 2:30 3:00 + - 5 7 
High DE Warm 2:30 3:00 + - 5 7 
Air Warm 2:30 3:00 - + 5 7 







Air Cold 1 3:00 + - 5 - 
High DE Cold 1 3:00 + - 5 - 
Air Cold 1 3:00 - + 5 - 
High DE Cold 1 3:00 - + 5 - 
Air Warm 1 3:00 + - 2 - 
High DE Warm 1 3:00 + - 2 - 
Air Warm 1 3:00 - + 2 - 
High DE Warm 1 3:00 - + 2 - 
 
 
After exposure, apical PBS with or without NTHi was collected to perform 
subsequent analysis. Apical washes with 100 µl of PBS were collected for inserts 
which were incubated without PBS apically. 
  
Table 3. Overview of exposure conditions and treatment.  
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Transepithelial electrical resistance (TEER) and LDH release  
Electrical resistance and lactate dehydrogenase (LDH) release were measured as 
previously described [7] and express respectively as Ohm*cm2 and as % of LDH 
release in 0.01% Triton X-100 (Sigma)-treated positive control. 
Quantitative real-time polymerase chain reaction (rtPCR) 
After collection of apical washes and basal media, cell lysates were obtained by 
adding 200 µl of lysis buffer (Promega, Leiden, NL) and total RNA extraction was 
extracted using the Maxwell® 16 simplyRNA Tissue Kit (Promega). Next, 
complementary DNA (cDNA) was obtained using moloney murine leukemia virus 
reverse transcriptase (M-MLV RT, Promega), as previously described [7]. 
Quantitative rtPCR reactions were performed using iQSybr green Supermix 
(Biorad) and the CFX-384 rtPCR system (Bio-Rad Laboratories, Veenendaal, The 
Netherlands) as previously described [7]. The standard curve method was applied 
to obtain arbitrary gene expression. Primers for the various target genes are listed 
in table 4. Expression of markers of interested was normalized on the expression of 
ATP synthase subunit beta (ATP5b) and ribosomal protein L13A (RPL13a), 
selected via the GeNorm method [27]. HMOX1 and NQO1 mRNA were selected as 
marker of oxidative stress response; the ISR to the unfolded protein response 
(UPR) were investigated via the analyses of CHOP, PPP1R15A/GADD34, XBP1 
spl and HSP5A/BiP mRNA expression. Finally innate immune response was 








Forward Sequence /  
Reverse sequence 
GeneBank accession 
no. or reference 
ATP5B 63° TCACCCAGGCTGGTTCAGA 
AGTGGCCAGGGTAGGCTGAT 
NM_001686 
RPL13A 63° AAGGTGGTGGTCGTACGCTGTG 
CGGGAAGGGTTGGTGTTCATCC 
NM_012423 



















XBP1 spl 62° TGCTGAGTCCGCAGCAGGTG 
GCTGGCAGGCTCTGGGGAAG 
[29] 
CXCL8 59° CTG GAC CCC AAG GAA AAC 










For both non-COPD and COPD groups, the effects of DE exposure were compared 
to air controls with a one-way ANOVA with a Games-Howell post-hoc test, since 
the assumption of the equality variances was not met.  To investigate the 
significance of interactions between DE and NTHi, two-way ANOVA statistical 
analyses were performed for samples exposed to DE and treated with NTHi. 
Three-way ANOVA analysis was used to highlight potential significant interactions 
between disease conditions, DE exposure, NTHi exposure, or between cold/warm 
start, DE exposure and NTHi exposure. Differences were considered statistically 
significant at *p<0.05, **p<0.01 and ***p<0.001. 
Table 4. Primers sequences for quantitative qPCR.  
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Results  
We first investigated the effect of prolonged exposures (up to 6 h) to three DE 
doses. Secondly, we studied the influence of diesel exposure on the cellular 
response to treatment with NTHi following i) prolonged diesel exposure (6 h) of 
non-COPD donors; ii) 2:30 h diesel exposure comparing non-COPD and COPD 
cells; and iii) 1 h diesel exposure mimicking cold start conditions. Exposure 
conditions are described in table 3. Chemical characterization of the diesel exhaust 










SMPS (#/cm3) 1.2*106 a 0.83*106 ± 0.24*106 
PM10 (µg/m3) 456 a 295 a 
OC (µg/m3) 151 a 66 a 
EC (µg/m3) 119 a 136 ± 23 
Hopanes/steranes 
(ng/m3) 
18.21 a 11.02 ± 2.77 
sumPAH total (ng/m3) 4350 a 2259 ± 39 
nitro PAH (ng/m3) 4.40 a 2.38 a 
oxy PAH (ng/m3) 129 a 105 a 
nmol DTT/min /m3 -0.22 a -0.10 a 
Metals (ng/m3) 4015 a 3206 ± 801 
CO2 (volume %) 0.38 ± 0.00 0.36 ± 0.00 
CO (ppm) 12.86 ± 0.58 4.92 ± 0.31 
NOx (ppm) 40.98 ± 0.45 31.60 ± 1.29 




Table 5. Diesel exhaust chemical characterization. Characterization of the first 
dilution of the DE mixtures (high diesel dose) produced by a EURO V bus engine in a 
cold start set up (Diesel CS) and after stabilization of the emission (Diesel). For each set 
up, measurements were performed on the emission produced in two independent 
sessions. Abbreviations: SMPS: scanning mobility particle sizer; PM: particulate matter; 
OC: organic carbon; EC: elemental carbon; PAH: polycyclic aromatic hydrocarbon; DTT: 
dithiothreitol; CO2: carbon dioxide; CO: carbon monoxide; NOx: nitrogen oxide; THC: 




Six hours exposure to diesel exhaust 
To investigate the dynamics of the epithelial response to 6 h exposure to DE (low, 
mid and high) or air, the oxidative stress response was investigated after short 
(1:30 h) and longer (17 h) post-exposure incubation times. DE exposure caused a 
dose-dependent HMOX1 and NQO1 mRNA increase at 1:30 h post-exposure, 
which was statistically significant in the high and mid DE-exposed cells. HMOX1 
and NQO1 expression at 1:30 h post-exposure was significantly increased in high 
DE-exposed cells compared to air- and low DE-exposed cells (HMOX1: p=0.042 
and p=0.044 respectively; NQO1: p=0.028 and p=0.023, Fig. 2A and C). In 
addition, HMOX1 and NQO1 expression was also significantly increased in the mid 
DE exposed cells compared to air-exposed control cells (HMOX1 p=0.002 and 
p=0.001 respectively, Fig. 2A and C). NQO1 was also significantly higher after 
exposure to mid DE compared to low DE-exposed cells (p=0.019, Fig. 2C). At 17 h 
post-exposure, the increase in HMOX1 (Fig. 2B) and NQO1 (Fig. 2D) mRNA did 
not reach statistical significance. Six hours DE exposure did not affect epithelial 
barrier function or cause cytotoxicity (Supplementary Fig. 1A-D). In TGFβ-treated 
cultures, HMOX1 induction occurred only at 17 h, whereas NQO1 was not 
increased (Supplementary Fig. 2A and B). No effect on markers of the integrated 
stress response or inflammatory response was observed (Supplementary Fig. 3). 





Figure 2. Oxidative stress response to prolonged exposure to diesel exhaust. 
Induction of HMOX1 (Fig. 2A and B) and NQO1 (Fig. 2C and D) in cells from 5 non-
COPD donors exposed for 6 h to air or diesel exhaust (low, mid and high) and then 
further incubated for 1:30 (Fig. 2A and C) or 17 h (Fig. 2B and D). Data are represented 
as single values, with the mean as horizontal bars, of the fold increase from untreated 
control (dashed line) after normalization on two reference genes, ATP5b and RPL13a. 
Differences were considered statistically significant at *p<0.05 and **p<0.01 with One-




Effects of 6 hours of diesel exhaust exposure on the response to NTHi  
To assess the effect of DE exposure on subsequent microbial exposure to NTHi, 
cells were first exposed for 6 h to DE (high) or air, before addition of NTHi. No 
effects of these treatments on barrier function (TEER) or cytotoxicity (LDH release) 
were noted (Supplementary fig. 4). At 3 h, but not at 17 h after DE exposure, there 
was a trend towards higher expression of HMOX1 and NQO1 only in cells exposed 
to both DE and NTHi, but this did not reach statistical significance (Fig. 3A, B, C 
and D); NTHi alone also did not affect these markers in non-exposed cells treated 
with bacteria alone (Supplementary fig.5). 
Analyses with a two-way ANOVA demonstrated significant interactions between 
DE and NTHi only in the induction of PPP1R15A/GADD34 mRNA (p=0.011), 
showing that DE enhanced the NTHi-induced expression of PPP1R15A/GADD34 
(Fig 4A). The combination of DE exposure and NTHi treatment increased 
PPP1R15A/GADD34 mRNA expression at 3 h after DE exposure compared to the 
air-exposed and NTHi-treated cells (Fig 4A), whereas no effect on CHOP mRNA 
induction was observed (Supplementary fig. 5A and B). Moreover, whereas 
PPP1R15A/GADD34 mRNA was increased, DE caused a significant inhibition of 
the NTHi-induced expression of the endoplasmic reticulum chaperone HSPA5/BiP 
(p=0.026, Fig 4C). No further induction was observed for these two markers of the 
unfolded protein response (UPR) at later time points (Fig 4B and D). XBP1 spl was 
induced only at a later time point in NTHi-treated cells, with a further but non-
significant increase in DE-exposed cells incubated with or without NTHi (Fig 4E 
and F). NTHi alone induced a non-significant increase in PPP1R15A/GADD34 
mRNA expression at 3 h incubation in cells that were not exposed to DE 
(Supplementary figure 5 and 7).  
The combination of DE and NTHi treatment caused a non-significant but marked 
increase in the inflammatory response, as shown by the mRNA induction of CXCL8 
at 3 h incubation time (Fig. 5A). However, DE showed a tendency to decrease the 
NTHi-induced increase of DEFB4A mRNA at 17 but not 3 h post-DE (Fig. 5C and 
D). 




Figure 3. Oxidative stress response to prolonged DE exposure followed by NTHi 
treatment. Cells from 3 non-COPD donors were exposed for 6 h to air or diesel exhaust 
(high) and then incubated for 3 (Fig. 3A and C) or 17 h (Fig. 3B and D) with or without 
NTHi on the apical side. Data are represented as single values and the means are 
indicated by horizontal bars. HMOX1 (Fig. 3A and B) and NQO1 (Fig. 3C and D) mRNA 
expression is presented as fold increase from untreated control (dashed line) after 






Figure 4. Expression of markers of the Unfolded Protein Response and Integrated 
Stress Response after 6 h DE exposure followed by NTHi treatment. 
PPP1R15A/GADD34 (Fig. 4A and B), BiP (Fig. 3C and D) and XBP1 spl (Fig. 4E and F) 
mRNA expression (unfolded protein response) in cells from 3 non-COPD donors 
exposed for 6 h to air or diesel exhaust (high) and then incubated for 3 (Fig. 4A, C and 
E) or 17 h (Fig. 4B, D and F) with or without NTHi on the apical side. Data are expressed 
as single values and the mean is indicated by horizontal bars. Gene expression is 
presented as fold increase from untreated controls (dashed line) after normalization 
using two reference genes, ATP5b and RPL13a. Differences were considered 
statistically significant at *p<0.05 with One-way ANOVA with Games-Howell post-hoc 
test. Furthermore, a significant interaction between the effect of DE and NTHi exposure 
on the induction of PPP1R15A/GADD34 mRNA was present (p=0.011, two-way 
ANOVA). 






Figure 5. Inflammatory and antimicrobial response to 6 h DE exposure followed by 
NTHi treatment. CXCL8 (inflammatory response marker) and DEFB4A (encoding for 
antimicrobial peptide hBD2) mRNA expression in cells from 3 non-COPD donors 
exposed for 6 h to air or diesel exhaust (high) and then incubated for 1:30 (Fig. 5A and 
C) or 17 h (Fig. 5B and D) with or without NTHi on the apical side. Data are represented 
as single values, with the mean as horizontal bars, of the fold increase from untreated 




Comparison of the response to diesel exhaust and NTHi of COPD and non-COPD 
cultures 
Next we investigated whether ALI-PBEC cultures derived from COPD or non-
COPD patients demonstrated a different response to diesel exhaust and NTHi. No 
effect of these exposures on TEER or cytotoxicity was observed in both groups 
(data not shown). DE induced HMOX1 mRNA expression in cells from both non-
COPD and COPD donors (p=0.021 and p<0.000, Fig. 6A). In the DE-exposed 
COPD cells, NTHi significantly reduced the DE-induced HMOX1 expression 
(p=0.001). This effect was further confirmed by the results of a two-way ANOVA 
analysis, which showed a significant interaction between DE and NTHi in the 
modulation of HMOX1 in the COPD group (p<0.000). NTHi caused an increase in 
PPP1R15A/GADD34 mRNA that reached significance in the COPD donors, both in 
cells previously exposed to air or DE (p=0.011 and p=0.039; Fig. 6B). NTHi caused 
an increase in CXCL8 mRNA that reached significance in the COPD donors, and 
that was not further increased by prior DE exposure (p<0.001 [NTHI-air] and 
p=0.001 [NTHi-DE]; Fig 6C). DE exposure caused an apparent inhibition of the 
NTHi-induced DEFB4A expression in cell cultures from both patient groups (Fig. 
6D). However, as for HMOX1, this interaction between DE and NTHi in the 
modulation of DEFB4A expression was only significant in cells from COPD patients 
(p=0.009; two-way ANOVA analysis). mRNA induction of DEFB4A, (in all both 
groups) and CXCL-8 (in non-COPD donors) was more marked in the air-exposed 
cells (exposure modules) than in the incubator controls (supplementary fig. 6). 
Three-way ANOVA analyses indicated a lack of significant interaction between 
disease status, DE exposure and NTHi treatment for all markers studied.  





Figure 6. Comparison of the response of COPD and non-COPD cultures to DE 
exposure followed by NTHi treatment. Cells from 5 non-COPD and 7 COPD donors 
were exposed for 2:30 h to air or diesel exhaust (high) and then incubated for 3 h with or 
without NTHi on the apical side. Data are represented as single values, with the mean as 
horizontal bars, of the fold increase from untreated control (dashed line). Differences 
were considered statistically significant at *p<0.05, **p<0.01 and ***p<0.001 with One-
way ANOVA with Games-Howell as post-hoc test. HMOX1 (Fig. 6A), 
PPP1R15A/GADD34 (Fig. 6B), CXCL8 (Fig. 6C) and DEFB4A (Fig. 6D) mRNA induction 
is expressed as fold increase from untreated control (dashed line) after normalization on 
two reference genes, ATP5b and RPL13a. For DEFB4A a significant outlier was 
excluded (Fig. 6D). Exposures to DE and NTHi demonstrated a significant interaction in 
the modulation of HMOX1 (p<0.001) and DEFB4A mRNA (p=0.009) only in the COPD 




Effect of short cold start exposure on the cellular response to NTHi 
Compared to non-COPD cells exposed to already stabilized emissions (n=2) 
(Figure 1), no differences in response were observed in cells exposed in a cold 
start set up (Figure 7, Supplementary table 2). 1 h DE-cold start exposure caused a 
small induction of NQO1 mRNA without reaching statistical significance (Fig. 7A). 
NTHi treatment in exposed cells appeared to cause a higher increase in NQO1 
mRNA than DE in both groups (Fig. 7A), while NQO1 expression was not induced 
by NTHi in incubator controls (Supplementary fig. 7). HMOX1 mRNA induction was 
not detected (data not shown). Treatment with NTHi alone (no DE exposure) 
induced CXCL8 mRNA (Fig. 7C). CXCL8 was also significantly increased by NTHI 
after DE exposure using either a cold or a warm engine (p=0.008 and p=0.019, 
respectively, Fig. 7C). PPP1R15A/GADD34 mRNA appeared somewhat higher in 
cells exposed to cold start DE and incubated with NTHi compared to NTHi or DE 
alone. Importantly, 1 h exposure to DE in both exposures already caused a non-
significant inhibition of DEFB4A mRNA induction by NTHi (Fig. 7D). In non-
exposed control cells treated with NTHi, the increase in PPP1R15A/GADD34 and 
DEFB4A mRNA was similar as in the air-exposed cells also treated with NTHi, 
while NTHi-induced CXCL8 mRNA induction was higher in the air-exposed cells 
than the non-exposed controls (Supplementary fig. 7). Three-way ANOVA analyses 
indicated a lack of significant interaction between engine starting condition, DE 
exposure and NTHi treatment for all markers studied. 




Figure 7. Effect of DE generated by a short cold engine start on the cellular 
response to NTHi. Cells from 5 non-COPD donors were exposed for 1 h to air or diesel 
exhaust (high) with a cold start exposure set up and then incubated for 3 h with or 
without NTHi on the apical side in two independent exposure sessions. Data are 
expressed as single values of the mean for each donor, while the mean for exposure 
conditions is indicated by horizontal bars. NQO1 (Fig 7A), PPP1R15A/GADD34 (Fig 7B), 
CXCL8 (Fig 7C) and DEFB4A (Fig 7D) mRNA induction is expressed as fold increase 
from untreated control (dashed line) after normalization on two reference genes, ATP5b 
and RPL13a. Differences were considered statistically significant at *p<0.05 and 





Our data obtained using a EURO V bus engine emission showed a diesel exhaust 
(DE)-mediated inhibition of the NTHi-induced expression of the DEFB4A 
(antimicrobial peptide) mRNA in primary bronchial epithelial cells (PBEC) 
differentiated at the air liquid interface (ALI). Inflammatory (CXCL8) and integrated 
stress (PPP1R15A/GADD34) responses were activated in cells exposed to DE and 
treated with NTHi, while DE caused an inhibition of the NTHi-induced expression of 
the chaperone protein BiP (HSPA5). The DE dose-dependent oxidative stress 
response was detected shortly after exposure to the higher diesel concentrations. 
Interestingly, while increases in most mediators required prolonged exposures to 
DE, the decrease in NTHi-induced DEFB4A was already observed after 1 hour 
exposure. 
We previously described the inhibitory effects of DE on the antimicrobial response 
of human bronchial epithelial cells exposed to the emissions of a EURO III non-
road mobile machinery engine [15]. Using a delivered dose (DD) of 0.404 µg/cm2, 
the effects on the inhibition of the NTHi-induced S100A7 and DEFB4A mRNA 
expression occurred in parallel with a pronounced oxidative stress response, as 
shown by HMOX1 expression [15]. 
Here, we demonstrate that DE also reduces expression of the antimicrobial peptide 
DEFB4A, but not of S100A7 (data not shown), in NTHi-treated ALI-PBECs using 
DE containing ~3 times lower emission levels (PM mass based) produced by a 
EURO V bus engine (DD=0.138 µg/cm2) and still present with lower doses 
(DD=0.055 µg/cm2). However, the significant DE dose-dependent oxidative stress 
response was markedly lower after prolonged exposure (6 h, 0.331 µg/cm2), 
compared to previous observations in which we delivered ~0.375 μg/cm2 of DE 
particles in 1 h exposure [7, 15]. The transcription factors Nrf2 and NF-κB have 
been suggested to mediate a transient induction of HMOX1 mRNA [30]. This 
transient increase is also clearly illustrated following 6 hours DE exposure, when 
an increase was observed at 1:30 h post-exposure not at 17 h post-exposure. 
Furthermore, HMOX1 expression was further reduced following shorter exposures 
to lower doses of DE particles, suggesting a close relation with both level of DE 
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exposure and timing after the exposure. Interestingly, the DE-mediated inhibition of 
DEFB4A mRNA expression was observed after all exposure durations, also in 
absence of HMOX1 mRNA induction. Notably, the large variation in DEFB4A 
induction among donors reduced the power to detect significant effects in small 
groups. 
NTHi-treatment of DE-exposed cells increased the expression of the neutrophil 
chemoattractant CXCL8 using DD of 0.138 and 0.331 µg/cm2 of diesel exhaust 
particles. Neutrophilia is a common feature in the lungs of COPD patients [31]. In a 
previous study, we showed that DE alone induced CXCL8 expression [7], which 
was not observed here using lower diesel levels (based on PM mass). Diesel 
exhaust enhanced the NTHi-induced inflammatory response only in non-COPD 
donors without reaching statistical significance. Direct oxidative stress or extended 
protein damage can both increase PPP1R15A/GADD34 expression as a result of 
activation of the unfolded protein response (UPR) or the integrated stress response 
(ISR) [16, 32]. DE exposure alone did not induce activation of PPP1R15A/GADD34 
or other UPR markers. In contrast, we previously noted that DE that was generated 
by an off-road engine did increase expression of the ISR markers GADD34 and 
CHOP [7]. This difference is most likely explained by the different composition of 
DE generated by the two engines. In contrast, after prolonged exposure to EURO 
V diesel emissions (DD=0.331 µg/cm2), the presence of bacteria increased 
PPP1R15A/GADD34 expression, indicating an interaction between diesel and 
bacterial exposures. PPP1R15A/GADD34 has been suggested to be a pro-
apoptotic marker [33], especially in chronic disease conditions such as COPD. 
Experiments using chronic exposure to diesel might better address the role of 
PPP1R15A/GADD34 in the response of primary bronchial epithelial cells. Protein 
folding can be restored by several chaperone proteins. Among them, HSPA5/BiP is 
induced alongside with PPP1R15A/GADD34 and the transcriptional factor spliced 
XBP1 during the unfolded protein response (UPR) to endoplasmic reticulum (ER) 
stress [32]. We observed that DE exposure decreased the ability of NTHi to 
increase expression of HSPA5/BiP, suggesting partial impairment of the unfolded 




study, but may involve a limitation in the rescue of misfolded/damage proteins. 
Collectively, these data suggest a synergist effect of diesel and NTHi exposure in 
the activation of the inflammatory and integrated stress response in parallel with a 
reduction of chaperone mRNA transcription. Additional studies are necessary to 
confirm the potential implication of these findings, especially in relation to COPD 
exacerbations, which are commonly associated with respiratory tract infections. 
Furthermore, since HMOX1 and integrated stress markers are rapidly induced after 
DE exposure [7], time of exposure might influence the detection of markers even at 
the same incubation time points.  
Use of primary cells allows the direct comparison of cells from different donors in 
controlled in vitro conditions [15]. Here, we compared the response of cells from 
non-COPD and COPD donors to the presence of bacteria after exposure to DE. 
2:30 h exposure to EURO V diesel exhaust (DD= 0.138 µg/cm2) resulted in an 
increased oxidative stress response which was significant in cells from COPD and 
non-COPD control donors. COPD donors showed a higher level of HMOX1 
expression upon DE exposure compared to non-COPD donors, but the difference 
was not significant likely reflecting the difference in sample size between groups. 
Nevertheless, this result is in line with in vivo observations, which suggest a higher 
susceptibility to oxidative stress of COPD patients exposed to diesel exhaust [34, 
35]. DE caused a significant inhibition of DEFB4A mRNA in cultures from COPD 
patients, whereas this inhibition did not reach statistical significance in cultures 
from non-COPD patients. This inhibition may increase susceptibility to respiratory 
pathogens such as non-typeable Haemophilus influenzae (NTHi).  
In order to gain further insight into the effect of diesel emissions, cells from non-
COPD donors were also exposed to emissions from a EURO V bus engine 
generated during a cold engine start. No differences were observed in the 
response of cells exposed for 1 h to stabilized emission compared to cells exposed 
to diesel emission derived from a cold engine start characterized by an initial peak 
of diesel particles concentration. The difference in the number of donors of the two 
groups might have limited the possibility to observe significant differences. 
Importantly, 1 h exposure to diesel (DD= 0.055 µg/cm2) was sufficient to reduce the 
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NTHi-induced DEFB4A and activated the inflammatory and integrated stress 
response in presence of bacteria but not HMOX1. In an alternative model of 
exposure to CUO, differences in donor responses constitute one of the sources of 
variation in nanoparticles studies [20]. Indeed, due to the large donor variation in 
response to cold and normal start exposure, we are not able to draw conclusions 
about the comparison of the two exposure scenarios.    
The realistic exposure conditions generated at TNO's Automotive Powertrain test 
center allowed us to investigate the response of state-of-the-art airway epithelial 
cell cultures to whole diesel exhaust and bacteria. However, a clear limitation of our 
study is that only cells of a relatively small number of donors could be evaluated, 
and that the COPD patients did not have advanced disease. Nevertheless, despite 
the limitations inherent to any in vitro approach, these studies provide important 
additional information on the possible adverse health effects resulting from 
exposure to modern traffic. 
Conclusion 
Our results show that emissions generated by a city bus with EURO V diesel 
engine may cause adverse effects on the human airway epithelium, including 
activation of oxidative stress responses and inhibition of antimicrobial peptide 
expression. Furthermore, our study indicates that such diesel emissions may 
enhance the activation of the integrated stress response and inhibits the 
expression of endoplasmic reticulum chaperone HSPA5/BiP induced by bacterial 
exposure. These findings provide further information on the mechanisms 
underlying the adverse effects of traffic-related air pollution, with specific relevance 
for COPD patients. 
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Characteristics non-COPD (n=3) 
Age (yr) 63 ± 8 
Gender (male/female) 2/1 (M/F) 
FEV1 (% pred) 85.33 ± 15.7 
Pre-BD FEV1 (L) 2.5 ± 0.5 
FVC (% pred) 93.0 ± 14.9 
FVC (L) 3.34 ± 0.6 
FEV1/FVC (%) 75.9 ± 4.3 
 
 
Characteristics non-COPD (n=5) non-COPD (n=2) 
Age (yr) 65 ± 6 66 ± 1 
Gender (male/female) 3/2 (M/F) 0/2 (M/F) 
FEV1 (% pred) 90.82 ± 19.4 99.05 ± 28.21 
Pre-BD FEV1 (L) 2.9 ± 0.8 97.9 ± 18.5 
FVC (% pred) 95.0 ± 14.3 3.41 ± 1.0 
FVC (L) 3.7 ± 0.8 4.3 ± 0.9 
FEV1/FVC (%) 76.5 ± 4.9 77.5 ± 7.5 
 
 
Supplemental table 1. Donor characteristics of cultures used for prolonged 
exposure to DE and treated with NTHi. Data are mean ± SD. Abbreviation: FEV1: 
forced respiratory volume 1; Pre-BD: precedent the use of bronchodilator; FVC: forced 
vital capacity; GOLD: Chronic Obstructive Lung Disease. 
Supplemental table 2. Donor characteristics of cultures used for comparison of 
cold and normal engine start. Data are mean ± SD. Abbreviation: FEV1: forced 
respiratory volume 1; Pre-BD: precedent the use of bronchodilator; FVC: forced vital 
capacity; GOLD: Chronic Obstructive Lung Disease. 






Figure S1. Prolonged exposure to diesel exhaust. Cells from 5 non-COPD donors 
were exposed for 6 h to air or diesel exhaust (low, mid and high) and then incubated for 
1:30 (Supplementary fig. 1A and C) or 17 h (Supplementary fig. 1B and D). Each donor 
is represented with a specific symbol and the mean is indicated by horizontal bars. 
Transepithelial electrical resistances (TEER) are reported as Ohm*cm2 (Supplementary 
fig. 1A and B), while LDH release (cytotoxicity) is express as % compared to the 0.1% 









Figure S2. Prolonged exposure to diesel exhaust. Cells from 5 non-COPD donors 
were exposed for 6 h to air or diesel exhaust (low, mid and high) and then incubated for 
1:30 (Fig. 1A and C) or 17 h (Fig. 1B and D). Each donor is represented with a specific 
symbol and the mean is indicated by horizontal bars. Data represent the expression of 
HMOX1 and NQO1 mRNA in the TGFβ-treated positive controls at 1:30 (Supplementary 
fig. 2A) and 17 h incubation (Supplementary fig. 2B). mRNA induction is expressed as 
fold increase from untreated control (dashed line) after normalization on two reference 
genes, ATP5b and RPL13a. 




Figure S3. Prolonged exposure to diesel exhaust. Cells from 5 non-COPD donors 
were exposed for 6 h to air or diesel exhaust (low, mid and high) and then incubated for 
1:30 (Supplementary fig. 3A, C and E) or 17 h (Supplementary fig. 3B, D and F). Data 
are represented as single value with a specific symbol for each donor and the mean is 
indicated by horizontal bars. Markers of the integrated stress response, CHOP 
(Supplementary fig. 3A and B) and GADD34 (Supplementary fig. 3C and D) were 
investigated at each incubation time, as well as CXCL8 (Supplementary fig. 3E and F). 
mRNA induction is expressed as fold from increase untreated control (dashed line) after 






Figure S4. Prolonged exposure to diesel exhaust followed by NTHi treatment. Cells 
from 3 non-COPD donors were exposed for 6 h to air or diesel exhaust (High) and then 
incubated for 3 (Supplementary fig. 4A and C) or 17 h (Supplementary fig. 4B and D) 
with NTHi. Each donor is represented with a specific symbol and the mean is indicated 
by horizontal bars. Transepithelial electrical resistances (TEER) are reported as 
Ohm*cm2 (Supplementary fig. 4A and B), while LDH release (cytotoxicity) is express as 
% compared to the 0.1% Triton-X 100 treated control (Supplementary fig. 4C and D). 
ATP5b and RPL13a. 






Figure S5. Prolonged exposure to diesel exhaust followed by NTHi treatment. Cells 
from 3 non-COPD donors were exposed for 6 h to air or diesel exhaust (High) and then 
incubated for 3 (Supplementary fig. 5A) or 17 h (Supplementary fig. 5B) with UV-
inactivated NTHi. Data represent the expression of oxidative stress marker (HMOX1 and 
NQO1), integrated stress response (CHOP, GADD34, BiP and XBP1 spl), CXCL8 and 
DEFB4A mRNA in the NTHi-treated positive controls at 1:30 (Supplementary fig. 5A) 
and 17 h incubation (Supplementary fig. 5B). Results are represented as single values 
with a specific symbol for each donor and the mean is indicated by horizontal bars. 
mRNA induction is expressed as fold increase from untreated control (dashed line) after 
normalization on two reference genes, ATP5b and RPL13a. 
Figure S6. NTHi controls for the 
comparison of patients responses to 
DE exposure followed by NTHi 
treatment. Cells from 5 non-COPD and 7 
COPD donors were incubated for 3 h with 
or without NTHi on the apical side. Data 
are represented as single values, with the 
mean as horizontal bars, of the fold 
increase from untreated control (dashed 
line). Expression of HMOX1, CHOP, 
CXCL8 and DEFB4A mRNA in the NTHi-
treated positive controls was analyzed at 3 
h incubation (Supplementary fig. 6). 
mRNA induction is expressed as fold 
increase from untreated control (dashed 
line) after normalization on two reference 









Figure S7. Effect of short cold start 
exposure to the cellular response to 
NTHi. Cells from 5 non-COPD donors 
were incubated for 3 h with or without 
NTHi on the apical side in two 
independent exposure sessions. 
Expression of NQO1, GADD34, CXCL8 
and DEFB4A mRNA in the NTHi-treated 
positive controls was assessed at 3 h 
incubation (Supplementary fig. 7). Data 
are represented as single values with a 
specific symbol for each donor and the 
mean is indicated by horizontal bars. 
mRNA induction is expressed as fold 
increase from untreated control (dashed 
line) after normalization on two reference 
genes, ATP5b and RPL13a. 
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Abstract 
Studies on the effects of in vitro exposure of the lung mucosa to diesel exhaust 
(DE) are increasingly using air-liquid interface (ALI) respiratory epithelial culture 
systems and exposure to whole DE to better mimic the respiratory exposure route. 
Recently, cocultures were introduced in the ALI-system to allow the analysis of 
cross talk with e.g. endothelial and immune cells. Here we aimed to study the 
response of a 3D tetraculture model of the human alveolar epithelial cell line A549, 
differentiated THP-1 macrophages, HMC-1 mast cells (apical side of Transwell 
insert membrane) and EA.hy 926 endothelial cells (on the basal side) to the diesel 
exhaust (DE) generated by a Euro V bus engine. 3D tetracultures were exposed for 
1:30 h to air or three different DE dilutions and post-incubated for 3 or 24 h. 
Exposure to whole DE caused cytotoxicity (increased LDH release) in cocultures 3 
h after exposure in the low and high dose DE-exposed cells. At 24 h post-
exposure, DE induced a dose-dependent cytotoxic effect that was significant in 
cells exposed to high-DE compared to unexposed controls. Furthermore, DE 
caused a dose-dependent increase in mRNA expression of HSP70/HSPA1A in the 
apical cell fraction at 24 h after exposure. In the same cells, the oxidative stress 
marker HMOX1 was induced in all exposed cells only at 3 h after exposure. In the 
EA.hy 926 cells, grown at the basal side of the membrane, DE increased Nrf2 
nuclear translocation at 24 h incubation. Cytotoxic effects of DE were observed in 
the 3D coculture system, with a significant increase after exposure to the highest 
dose in the tetracultures. DE exposure of A549, differentiated THP-1 and HMC-1 
cells increased HSP70/HSPA1A and HMOX1 mRNA. Nuclear translocation of the 
transcription factor Nrf2 in EA.hy 926 endothelial cells at 24 h after exposure 
indicated a later activation of the endothelial cells. Our data indicate the feasibility 
of exposure of complex cocultures to whole diesel exhaust.  




Diesel exhaust (DE) exposures have been associated with disease exacerbations 
in patients with chronic lung diseases and with an increase in a variety of 
respiratory symptoms [1]. In vitro studies represent a valid tool of investigation to 
better define the effects of diesel on human health and investigate underlying 
mechanisms of pathology. Major advancements in cell culture techniques and 
exposure systems have substantially improved in vitro models to assess the effects 
of DE exposure. The introduction of the air-liquid interface (ALI) culture model 
allows for direct exposure of the apical surface of cells to DE or diesel exhaust 
particles (DEP) via the air route [2-4]. The combined use of ALI-cultures and 
controlled exposure to whole DE better mimics the interaction between airway 
epithelial cells and complex emissions composed of particles and gasses [3, 5, 6] 
compared to non-differentiated submerged cultures that can only be exposed to 
airborne substances transferred to the liquid (culture medium) phase. In addition to 
the use of a realistic DE source and exposure dynamics, the use of complex 
biological cultures is an important step forward in aiming for realistic exposure 
conditions in vitro.  
The lung epithelium includes several cells types and its composition changes 
based on the anatomical localization in the respiratory tract, and is affected by 
disease [7]. The structure and composition of the lung epithelium provides several 
mechanisms of protection from inhaled compounds. Airway epithelial cells form a 
continuous physical barrier due to the presence of tight and adherent junctions [7]. 
The epithelial barrier and the endothelial cells underneath are in constant cross talk 
via the release of various mediators that modulate inflammatory responses and 
repair mechanisms [8]. Alveoli, the sites of gas exchange, are characterized by the 
presence of specialized macrophages (alveolar macrophages, AMs) exerting an 
homeostatic and clearance function by phagocytosis of inhaled particles and 
pathogens [9]. In addition, during chronic inflammation conditions such as chronic 
obstructive pulmonary disease (COPD) or asthma, inflammatory cells such as mast 
cells can be recruited into the lung epithelium and exert a modulatory function of 
the inflammatory state [10, 11]. Some studies have shown that in severe asthma, 
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inflammatory processes may not be restricted to the airway wall, but may also 
occur in the alveoli [12]. Since especially in the alveolar compartment, interactions 
between inflammation and air pollution exposure may have severe consequences, 
we developed a model using cocultures of alveolar epithelial cells, endothelial cells 
and innate inflammatory cells to better mimic the biological responses in the human 
lung to endogenous toxic compounds [13].  
Air pollutants such as diesel exhaust induce anti-oxidant responses in several cell 
types present in the lung mucosa. For instance the transcriptional factors Nrf2 
(Nuclear factor erythroid 2 related factor) and NF-κB (Nuclear factor kappa light 
chain enhancer of activated B cells) both contribute to a transient expression of 
HMOX1 (heme-oxygenase 1) mRNA in conditions of stress [14]. HO-1 protein, the 
product of the HMOX1 gene, was found to be increased in A549 cultures treated 
with DEP [2], whereas HMOX1 mRNA was increased in primary airway epithelial 
cells exposed to whole DE [6]. Nrf2 can further induce NQO1 mRNA expression 
after diesel exposure [15]. Recently an increased NQO1 expression was shown in 
A549 cells treated with major components of DE [16], whereas we also reported its 
induction in airway epithelial cells exposed to whole DE [6]. Extensive oxidative 
stress and protein damage caused by oxidative stress may lead to induction and 
expression of heat shock proteins, as shown in primary airway epithelial cells [17]. 
Among them, Hsp70 (human HSP70/HSPA1A) was found to be increased in 
alveolar macrophages (AMs) of mice chronically exposed to DE [18]. DEP can also 
disrupt the integrity of the endothelial cell layers [19] and it has been shown that 
DEP-induced HMOX1 protects against these effects [20].  
We speculate that both timing and intensity of the response to DE exposure can 
differ based on the cellular location and environment in the mucosa and on doses 
used. We investigated the response of 3D tetracultures composed of the human 
alveolar cell line A549, differentiated THP-1 macrophages and HMC-1 mast cells 
that were grown on the apical side of a Transwell membrane under air-exposed 
conditions, while EA.hy 926 endothelial cells were grown on the basal side. With 
the aim to study realistic exposure conditions, cocultures grown at the air-liquid 
3D tetracultures exposures to a Euro V bus engine emissions 
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interface were exposed to DE emissions produced onsite by a Euro V bus engine 
with an after-treatment device, as previously described [21].  
Materials and methods 
Cell culture 
6 well-plate Transwell inserts of four different cell types were prepared at LIST 
(Luxembourg) as previously described [13, 22]. Briefly A549 cells, THP-1 cells, 
HMC-1 cells and EA.hy 926 cells were initially cultured separately with different 
media; THP-1 cells were differentiated into macrophage-like cells as described by 
Tsuchiya et al [23]. To constitute tetracultures, inserts were inverted to seed EA.hy 
926 endothelial cells onto the basal side of the membrane of 6 well-plate inserts 
(BD falcon inserts), and next following inversion human alveolar cells A549 were 
cultured on the apical side of the membrane. After four days, differentiated THP-1 
and HMC-1 mast cells were added to the apical side of the coculture on top of the 
A549 layer. Twenty-four hours later, the cultures were transferred to the exposure 
facility in Helmond (the Netherlands) on the same day. Cells were then cultured at 
the ALI 24 h before exposure to allow recovery from transportation, and kept at the 
air-liquid interface (ALI) 24 h before DE exposure.  
Exposure system to whole diesel exhaust 
A Euro V bus engine was used to produce diesel exhaust emission following an 
adapted Braunschweig cycle of 30 min as previously described [21]. The 6 cylinder 
Euro V engine generated diesel exhaust (DE) for direct exposure studies in a 
temporary biological laboratory created in the TNO Power Train Test Centre 
(Helmond, The Netherlands). DE was diluted first in the constant volume sampler 
(CVS) tunnel (dilution factor ~ 17 time) and collected in a central tank. The first 
dilution of the DE mixture was directed to one Vitrocell® exposure module 
(Waldkirch, Germany) to generate high DE exposure conditions; the DE mixture 
was further diluted 2.5 and 6 times with humidified air before being conducted to 
the exposures modules to generate mid and low DE exposure conditions. In a 
fourth exposure module, cells were exposed to humidified air alone as control. 
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Cells were exposed with a flux velocity of ~8 ml/min. Temperature and humidity in 
the exposure system were monitored with a RH/T device (TESTO 635-1, TESTO 
GmbH & Co, Lenzkirch, Schwarzwald, Germany), and were determined to be 26.1 
°C and 63.42 %. A Vaisala GM70 probe with MI70 read-out unit (Vaisala, Helsinki, 
Finland) was used to measure carbon dioxide (CO2) level in the central tank (0.148 
± 0.021 %).  
Cell exposure conditions and treatment 
Based on the particle concentration measured in the central tank (0.206 ± 0.015 
mg/m3; SMPS, TSI Incorporated, Shoreview, MN, USA), the mass distribution was 
calculated as previously described [24]. The delivered dose (DD) of diesel particles 
present in the high DE mixture applied to the cells was calculated using the 
formula: 
 =




where f is the flux velocity of 8 ml/min, [PM] is the mass distribution of DE particles, 
t is the time of exposure of 90 min and SA is the surface area of 6 well-plate BD 
falcon inserts of 4.2 cm2. The deposition efficiency of the particles present in the 
DE emission was calculated as previously described [3] to be 4.1 %. The deposited 
dose (dd) of DE particles on the cell surface was estimates as dd = DD*4.1%. 
Three Transwell inserts were exposed for 1:30 h to air or low DE (DD = 0.006 
µg/cm2, dd = 0.024 ng/cm2), mid DE (DD = 0.014 µg/cm2, dd = 0.058 ng/cm2) and 
high DE (DD = 0.035 µg/cm2, dd = 0.145 ng/cm2). In parallel, inserts which were 
not exposed were kept in the incubator following addition of fresh media only 
(untreated controls), or supplied with TGFβ to the basal compartment (20 ng/ml, 
positive control for oxidative stress response) or 0.01% Triton-X100 added to the 
apical side (positive control for cytotoxicity). After exposure, inserts were moved 
into a new 6 well-plate with fresh media in the basal compartment and incubated 
for 3 or 24 h. 
 




LDH released was assessed in the basal media using the LDH detection Kit from 
Roche (ver. 10). Data were expressed as % of LDH release from 0.01% Triton-
X100-treated controls (Sigma). 
mRNA extraction 
To separately collect RNA from the endothelial cells grown at the basal side of the 
membrane, and the cell mixture grown at the apical side, RNA collection was 
performed on a cold metal plate previously kept at -80°C, in order to better 
preserve RNA samples at lower temperatures. The apical cell fractions were 
collected by adding 200 µl of lysis buffer (Promega, Leiden, NL) and gently 
scraping the nylon membrane with a pipette tip. Next the inserts were inverted. 
RNA from the endothelial cells grown at the basal side was collected by adding 200 
µl of lysis buffer using a cell scraper. Tubes containing the cellular lysates were 
immediately put on ice and then stored at -80°C. Total RNA was extracted using 
the Maxwell® 16 simplyRNA Tissue Kit (Promega, Leiden, NL), and quantified with 
a nanodrop spectrophotometer (Nanodrop technologies, Wilmington, DE). 
qPCR 
One µg of total RNA was used to prepare cDNA from the apical cell fraction, while 
for the basal cell fraction the RNA starting quantity was 250 ng. After preparation of 
cDNA, qPCRs were performed using iQSybr green Supermix to study the 
expression of several markers. NFkB, NRF2, HMOX-1, HMOX-2, NQO1 and 
HSP70/HSPA1A gene expression of cells composing the apical fraction was 
normalized on the expression of three reference genes (ATP5b, RPL13a, B2M). 
Normalization of endothelial cells (basal) was carried out on the expression of 
ATP5b and B2M. All reference genes were selected using the GeneNorm method 
[25]. Primers sequences are shown in table 1. 
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After incubation, one insert per condition was fixed for 2 h with 4 % 
paraformaldehyde (PFA) in the apical and basal compartment. Inserts were then 
washed twice with PBS to be shipped in PBS to LIST for confocal imaging. 
Confocal microscopy 
Fixed endothelial cells present in exposed cocultures were incubated for 30 min 
with 10% bovine serum albumin (BSA) in PBS (w/v) to block unspecific bindings. 
After blocking, cells were incubated with primary antibodies (ab31163; Abcam, UK) 
at the indicated dilution (1:100 in PBS) overnight at 4°C and then with a secondary 
Table 1. qPCR primers.  
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antibodies (AS09 633; Agrisera, Vännas, Sweden) at the indicated dilution (1:2000 
in PBS) for 60 min at room temperature in the dark. Then, nuclei were 
counterstained using a nuclear stain (Hoechst 33342). Images were analysed 
using a Zeiss LSM 510 META as previously described [13]. 
Statistical analysis 
Data analysis was performed comparing DE-exposed conditions with air-exposed 
control using ANOVA analysis with Bonferroni as post-hoc test. For LDH release, 
all exposed samples were compared also with non-exposed controls. Statistical 
significant differences are shown as *P<0.05, **P<0.01 and ***P<0.001. Statistical 
analysis was performed using GraphPad 6. 
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Results  
Cocultures were prepared at LIST and transported to the TNO Power Train Test 
Centre for DE exposure performed in a temporary lab set up onsite. Studies of 
cytotoxicity and gene expression were performed at the Leiden University Medical 
Center (LUMC) and confocal imaging was performed at LIST. Exposure conditions 
are reported in Table 2. Chemical characterization of the DE mixture has been 
previously reported [21]. 
Cytotoxicity 
3D tetracultures were exposed in triplicate for 1:30 h to air or three different DE 
dilutions and incubated for 3 or 24 h to study DE-mediated cytotoxic effects. At 3 h 
post-exposure, LDH release was increased in the low and high DE-exposed 
tetracultures compared to air-exposed cells, without reaching statistical significance 
(Fig. 1A). At 24 h post-exposure, we observed an increased cytotoxicity in the air-
exposed controls compared to non-exposed controls (Fig. 1B). Compared to air-
exposed cells, DE caused a dose-dependent cytotoxic effect at 24 h post-exposure 
and the increase in LDH release was significant in the high DE-exposed cells 
compared to non-exposed controls (*P=0.0151, Fig. 1B). 
  







Figure 1. Diesel exhaust mediated cytotoxic effects on 3D tetraculture. LDH release 
in coculture models (n=3) exposed to air or three DE dilutions for 1:30 h are expressed 
as % of Triton control at 3 (A) and 24 h incubation (B). As control, LDH was measured in 
non-exposed samples (U). Data are reported as bars with standard error mean (SEM). 
Note: on the left Y-axis, the level of LDH release in air-controls (A) is indicated, while 
LDH release in non-exposed controls (U) is indicated in the right Y-axis (U). Statistical 
significance is indicated as *P<0.05 after ANOVA-Bonferroni analysis. 
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Gene expression 
At 3 or 24 h after 1:30 h exposure to air, low, mid or high DE, analysis of gene 
expression was assessed in 3D tetracultures performed in duplicate for each 
condition. Gene expression was studied separately in the cells grown on the apical 
side of the Transwell membrane (A549, HMC-1 and differentiated THP-1 cells) and 
on the basal side (EA.hy 926 cells) of the exposed 3D tetracultures. Expression of 
HMOX1, Nrf2 and HSP70/HSPA1A mRNA was assessed to investigate the effects 
of DE exposure in terms of oxidative stress response (Fig. 2). In A549, HMC-1 
mast cells and differentiated THP-1 cells, HMOX1 mRNA was increased in all 
exposed cells at 3 h post-exposure (Fig 2A) and no effect of DE was observed at 
24 h post-exposure (Fig 2B). DE did not increase Nrf2 mRNA expression at both 
incubation times in cells seeded apically on inserts (Fig. 2C and D). In the same 
cells, HSP70/HSPA1A mRNA was increased in all exposed cells at 3 h incubation 
(Fig. 2E). At 24 h post-exposure, DE induced a dose-dependent induction of 
HSP70/HSPA1A without reaching statistical significance compared to air-controls 
(Fig. 2F). HMOX2, NfκB and NQO1 mRNA were not increased by DE in the apical 
side of 3D tetracultures (Supplementary figure 1). No DE-mediated effects were 
observed in EA.hy 926 endothelial cells in terms of HMOX1, Nrf2 and NQO1 
mRNA expression (Supplementary figure 2). TGFβ induced a small increase in 
HMOX1 mRNA at 24 h post exposure in the apical cells and in EA.hy 926 
endothelial cells (Supplementary figure 3). 





Figure 2. Effects of diesel exhaust exposure on gene expression of the apical 
fraction of 3D tetraculture. HMOX1 (A and B), Nrf2 (C and D) and HSP70/HSPA1A (E 
and F) mRNA increase  at 3 (A, C and E) and 24 h incubation (B, D and F) in the apical 
fraction of coculture models (n=2) exposed to air or three DE dilution for 1:30 h. Data are 
represented as bars with SEM, of the fold increase from untreated control (dashed line) 
after normalization on three reference genes, ATP5b, RPL13a and B2M. 
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Nrf2 nuclear translocation 
At 3 or 24 h after 1:30 h exposure to air, low, mid or high DE, one insert per 
exposure condition was fixed for confocal analysis for nuclear translocation of Nrf2. 
This Nrf2 translocation was investigated in EA.hy 926 endothelial cells in the 
exposed 3D tetracultures (Figure 3). No effects were observed at 3 h post-
exposure (data not shown). At 24 h post-exposure of cocultures to high DE, Nrf2 
(green) translocation into the nuclei (blue) in EA.hy 926 cells was observed (Figure 
3). Air-exposed cells incubated for the same length of time did not show nuclear 
translocation of Nrf2 (Figure 3). At 24 h post-exposure to low or mid DE, no nuclear 
translocation of Nrf2 was observed (data not shown).  
 
 
Figure 3. Diesel exhaust-induced Nrf2 nuclear translocation in endothelial cells. 
Analysis of Nrf2 translocation in EA.hy 926 cells in coculture. Nrf2 was immunostained 
with rabbit anti-Nrf2 and Alexa Fluor® 488 goat anti-rabbit IgG antibodies (green), while 
nuclei were stained with Hoechst 33342 (blue). The first row shows Nrf2, nuclear stain 
and the merged staining in air-exposed EA.hy 926 cells in coculture incubated for 24 h. 
In the second row, staining of EA.hy 926 cells at 24 hours- post-exposure for 1:30 h to 
DE. 




Cocultures of the human alveolar cell line A549, differentiated THP-1 
macrophages, HMC-1 mast cells (apical side) and EA.hy 926 endothelial cells 
(basal side) maintained at the air-liquid interface were exposed for 1:30 h to three 
different diesel exhaust dilutions and incubated 3 or 24 h after exposure. At 24 h 
post-exposure to the most concentrated DE emission, a significant cytotoxic effect 
was observed in these 3D tetracultures mimicking the inflamed alveolar wall. In 
alveolar A549 cells and immune cells line seeded apically, both HMOX1 and 
HSP70/HSPA1A mRNA were increased at 3 h after exposure in all exposed cells. 
At 24 hours post-exposure, only HSP70/HSPA1A mRNA was increased in a dose-
dependent manner. No effects on mRNA expression were observed in endothelial 
cells at early or late time after DE-exposure. At 24 h post-exposure, the high DE 
dose caused nuclear translocation of Nrf2 in the endothelial cells.  
The data presented in this study were obtained using a highly relevant source of 
DE for city-like exposure conditions. DE was generated by a modern Euro V bus 
engine with after-treatment device. The engine ran on an adapted Braunschweig 
cycle, which reproduces the pattern of accelerations in a traffic situation [21]. The 
exposure conditions can be considered to be realistic, since in our model, 1:30 h 
exposure to high DE (dd = 0.145 ng/cm2) corresponded to 6.25 h of human 
exposure in a polluted area (50 μg/m3) [26], assuming a normal breathing pattern 
(0.012 m3/min) [27], an average alveolar surface area of 622500 cm2 [28] and a 
deposition efficiency for the most represented particles in the alveoli of 40% [29]. 
In order to better represent the in vivo situation, alveolar cells in coculture together 
with innate immune cells and endothelial cells were exposed to traffic-like DE in a 
complex tetraculture model. This model was designed to resemble the composition 
of the (inflamed) alveolar wall where epithelial responses are modulated by the 
underlying endothelial components and by the presence of alveolar macrophages 
and mast cells.  
mRNA expression was studied separately for cell mixtures cultured on the apical 
side and EA.hy 926 endothelial cells in the basal compartment. The oxidative 
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stress response is a common instrument of defense for all cells present in the 
alveolar wall [15, 20, 30]. In the mixture of A549 alveolar cells, THP-1 
macrophages and HMC-1 mast cells a transient induction of HMOX1 and 
HSP70/HSPA1A was observed also in air-exposed cells, which indicate a brief 
stress response after the exposure alone. At 3h post-exposure, HMOX1 and 
HSP70/HSPA1A inductions were lower in mid and high DE-exposed cells 
compared to air-exposed controls. This finding can be explained by a reduced 
ability of cells to mount a defensive response after exposure to diesel or by 
increased cell death caused by DE. Previously, exposure to 3.6 mg/m3 PM10 
particles from the Paris RER was found to increase the total HMOX1 mRNA in the 
lung of exposed mice [31]. In our in vitro exposure model, we did not detect an 
increase in HMOX1 mRNA expression by DE using DE emissions produced on site 
from a modern Euro V bus (0.206 mg/m3, high DE). In contrast, HSP70/HSPA1A 
gene expression in alveolar epithelial cells, AMs and mast cells was induced by DE 
in our model in a dose-dependent fashion, but only at 24 h post-exposure. In a 
previous study it was shown that upon acute exposure of mice to 0.2-0.4 PM2.5, 
Hsp70 protein expression increased mainly in the airway epithelium, while alveolar 
macrophages expressed Hsp70 only after chronic exposure to the same dose [18]. 
Further studies are required to identify the cell type in which HSP70/HSPA1A is 
increased after acute DE exposure in our in vitro system. Other oxidative stress 
markers associated with exposure to DE were not induced in cells seeded at the 
apical side of our coculture model. A differential response by the different cell types 
might have masked the possible changes in gene expression. The lack of induction 
of oxidative stress markers might also be explained by the low doses of DE used 
during the exposures and by the high cytotoxicity observed after exposure. DE did 
not modulate expression of the studied genes in EA.hy 926 endothelial cells, which 
might also be explained by the low DE doses used and on lower and possibly later 
interaction between endothelial cells grown on the basal side of the membrane and 
apically applied diesel particles. 
The activity of the anti-oxidant transcriptional factor Nrf2 was studied with confocal 
imaging in endothelial cells. Previously Nrf2 translocation was observed in this co-
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culture model exposed to DEP [13]. Here we also observed Nrf2 nuclear 
translocation at 24 h after exposure to complete DE in EA.hy 926 exposed in 
coculture with cells composing the alveolar wall. Since only the apical side was 
directly exposed to DE using the Vitrocell exposure sysem, Nrf2 nuclear 
translocation observed in our exposed cocultures might indicate a cross talk 
between cells on both sides of the membrane or migration of DE particles through 
the A549 cell layer and the membrane to the endothelial cells on the basal side. 
Notably A549 cells do not form tight junctions comparable to primary cells [4, 32], 
therefore DE particle migration via the alveolar wall might differ from our model to 
in vivo. At 24 h we observed a DE dose-dependent cytotoxic effect, which was 
significant in cocultures exposed to high DE, compared to non-exposed control. 
Cytotoxic effects were observed already at 3 h in high DE-exposed cells with a 
small further increase at later time points. This might suggest a higher susceptibility 
of the 3D tetraculture model of cell lines to the air-liquid interface exposure 
compared to primary airway epithelial cells used in the same exposure system [21]. 
The present tetraculture was designed to mimick the alveolar wall, to study its 
response to DE emissions from a Euro V bus engine in an exposure system that 
allowed direct interaction between the delivered DE and the cells present on the 
luminal side of the alveolar wall. Despite the DE-mediated toxic effect, an increase 
in HSP70/HSPA1A mRNA was observed in these cells following DE exposure, and 
our data suggest further modulation of gene expression resulting from Nrf2 nuclear 
translocation in endothelial cells after exposure to realistic DE emission in vitro. 
These results demonstrate the feasibility of using tetracultures to study the effects 
of diesel exhaust in an air route-based exposure model. Single cell RNA 
sequencing may provide useful data on the response of the single cell types in 
response to DE by the cells composing the alveolar wall. 
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Figure S1. Effects of diesel exhaust exposure on gene expression of the apical 
fraction of 3D tetraculture. HMOX2 (A and B), NFκB (C and D) and NQO1 (E and F) 
mRNA inductions at 3 (A, C and E) and 24 h incubation (B, D and F) in the apical 
fraction of coculture models (n=2) exposed to air or three DE dilution for 1:30 h. Data are 
represented as bars with SEM, of the fold increase from untreated control (dashed line) 
after normalization on three reference genes, ATP5b, RPL13a and B2M. 






Figure S2. Effects of diesel exhaust exposure on gene expression of endothelial 
cells. HMOX1 (A and B), Nrf2 (C and D) and NQO1 (E and F) mRNA inductions at 3 (A, 
C and E) and 24 h incubation (B, D and F) in the endothelial cells of coculture models 
(n=2) exposed to air or three DE dilution for 1:30 h. Data are represented as bars with 
SEM, of the fold increase from untreated control (dashed line) after normalization on two 
reference genes, ATP5b and B2M. 







Figure S3. Effects of TGFβ in HMOX1 mRNA expression. HMOX1 mRNa expression 
in non-exposed cocultures treated with TGFβ (20 ng/ml) for 3 and 24 h in A549 cells, 
THP-1 cells, HMC-1 cells (apical fraction, A) and in EA.hy 962 cells (B). Data are 
represented as bars with SEM, of the fold increase from untreated control (dashed line) 
after normalization on ATP5b, RPL13a and B2M for cells in the apical fraction and on 
ATP5b and B2M for EA.hy 962 cells. 
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Abstract 
Increased susceptibility to bacterial and viral respiratory tract infections is a 
characteristic of smokers with and without chronic obstructive pulmonary disease 
(COPD), and these infections contribute to acute exacerbations and disease 
progression in COPD. Cigarette smoke exposure is considered the main risk factor 
for the development of COPD. To better understand how mainstream whole 
cigarette smoke exposure (CS) modulates epithelial responses to viral and 
bacterial exposure, we use air-liquid interface (ALI) cultures of primary human 
bronchial epithelial cells (PBEC) of control and COPD patients. These cultures 
were exposed to CS followed by addition of UV-inactivated non-typeable 
Haemophilus influenza (NTHi) or human rhinovirus 16 (RV16). Exposure of ALI-
PBEC to CS was found to inhibit the NTHi-induced expression of the antimicrobial 
peptide hBD-2 (DEFB4) in ALI-PBEC of both COPD patients and controls. In 
contrast, NTHi-induced expression of GADD34, a marker of endoplasmic reticulum 
stress and of the integrated stress response, was synergistically induced by 
cigarette smoke, which appeared to be more pronounced in ALI-PBEC from COPD 
patients compared to controls. CS also reduced RV16-induced expression of 
antiviral genes in ALI-PBEC of COPD patients, but not in controls with the 
exception viperin. In conclusion, our results indicate that CS differentially affects 
viral and bacterial infection responses in airway epithelial cells. The reduced 
antiviral response of airway epithelial cells from COPD patients, but not from 
controls, suggests that epigenetic mechanisms are involved in the acquisition of 
reduced antiviral protection of epithelial cells in COPD as these effects are 
preserved in culture.  





Chronic obstructive pulmonary disease (COPD) is an inflammatory lung disease 
that is characterized by progressive airflow limitation that is not fully reversible. 
Both airway disease and parenchymal destruction contribute to airflow limitation in 
COPD, and the relative contribution of these varies amongst patients. The main 
risk factor for the development of COPD in Westernized societies is cigarette 
smoking [1]. Despite being the main risk factor, only 25 to 30% of smokers develop 
COPD, suggesting that other factors contribute, such as genetic background and 
respiratory infections [2, 3]. Furthermore, acute exacerbations that are frequently 
accompanied by respiratory infections further enhance airflow limitation and 
accelerate disease progression. 
Acute exacerbations in COPD patients are defined by a sustained worsening of the 
patient’s condition, which is acute in onset and necessitates a change in regular 
medication [4]. Both bacterial and viral respiratory tract infections contribute to 
acute exacerbations in COPD. Non-typeable Haemophilus influenzae (NTHi) 
colonizes the lower respiratory tract of approximately 30% of COPD patients and is 
involved in both chronic airway infections and acute exacerbations [5, 6]. In 
addition, also human rhinovirus (RV) contributes to COPD exacerbations. RV 
causes self-limiting infections in healthy individuals, but RV infections are 
associated with the majority of virus-related exacerbations in patients with COPD 
[7, 8].  
Airway epithelial cells are actively involved in the protection of the lung against 
inhaled particles and pathogens. They line the surface of the conducting airway as 
a pseudostratified epithelial layer and function as a physical and immunological 
barrier. Cigarette smoke (CS) has been shown to alter various epithelial functions 
including a reduction in antimicrobial peptide expression, activation of the 
integrated stress response and increased inflammation [9]. We and others have 
shown that CS impairs antibacterial defenses in in vitro cultures of human airway 
epithelial cells, and that in vitro cultured airway epithelial cells from patients with 
COPD display impaired antibacterial activity and impaired production of 
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antimicrobial peptides [10]. Additionally, Furthermore, previous in vitro studies on 
cigarette smoke extract (CSE) treatments showed a reduced antiviral epithelial 
response to RV16 [11]. 
To better understand how CS exposure modulates epithelial responses to viral and 
bacterial infection, we use air-liquid interface (ALI) cultures of primary human 
bronchial epithelial cells (PBEC) of COPD patients and controls in this study, and 
exposed these to CS exposure followed by exposure to RV16 or UV-inactivated 
NTHi. Additionally, since airway epithelial dysfunction has been described for 
COPD patients, we also compared epithelial responses of ALI-PBEC from control 
patients to ALI-PBEC of COPD patients.  
Materials and methods 
Subjects and cell culture conditions 
Human primary bronchial epithelial cells (PBEC) were isolated from 
macroscopically normal bronchial tissues obtained from lung cancer patients 
undergoing lobectomy at the Leiden University Medical Center (Leiden, The 
Netherlands). Details on isolation and culture of PBEC were described previously 
[12]. Clinical information on the control (CTRL) and COPD patients is presented in 
table 1. 
Cultured PBEC were used to generate mucociliary differentiated cultures by 
differentiation at the air-liquid interface (ALI) as described previously [12]. Briefly, 
PBEC at passage 2 were cultured submerged on semipermeable Transwell inserts 
with 0.4 μm pore size (Corning Costar, Cambridge, USA) that were coated with a 
mixture of collagen, fibronectin and bovine serum albumin. Once full confluence 








Characteristics CTRL (n = 8) COPD (n = 8) 
Age (Yr) 67.1 ± 11.38 70.4 ± 6.2 
Gender (Male/Female) 4/4 7/1 
BMI 24.2 ± 2.8 25.7 ± 1.4 
FEV1 (% pred) 100.5 ± 21.2(*) 65.7 ± 8.9 
Pre-BD FEV1 (L) 2.8 ± 0.6(*) 2.0 ± 0.3 
FVC (% pred) 103.6 ± 16.5 95.9 ± 20.6 
FEV1/FVC (%) 80.0 ± 8.1(*) 54.7 ± 7.7 
 
 
Whole cigarette smoke (CS) exposure 
The apical surface of the cultures was washed with 100 µl and basal culture 
medium was replaced with infection medium 24 h prior to CS exposure. Infection 
medium is defined as PBEC culture medium without hydrocortisone, bovine 
pituitary extract, epidermal growth factor and bovine serum albumin. ALI-PBEC 
were exposed to CS generated from 3R4F reference cigarettes (University of 
Kentucky, Lexington, USA) in a CS exposure model adapted from Beisswenger et 
al. [13, 14]. In brief, ALI-cultures were placed into modified hypoxic chambers 
(Billups Rothenberg, Del Mar, USA), localized inside an incubator at 37°C and 5% 
CO2. Whole CS derived from one cigarette, or air as negative control, was guided 
through the respective exposure chamber using a continuous flow of 1 l/min for a 
period of 4–5 min, and CS was distributed within the exposure chamber using a 
small ventilator. After exposure, residual CS inside the exposure chamber was 
removed by flushing the chambers with air derived from the incubator for a period 
Table 1. Characteristics of control and COPD patients from whom primary 
bronchial epithelial cells were obtained. Data is represented as mean ± SD. (*) p < 
0.01. BD, bronchodilator; BMI, body mass index; CTRL, control; COPD, chronic 
obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second; FVC, 
forced vital capacity. 
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of 10 min. Bacterial or viral infection was performed directly after air or CS 
exposure.  
Exposure to UV-inactivated non-typeable Haemophilus influenzae 
A log-phase culture of non-typeable Haemophilus influenzae (NTHi) strain D1 [15] 
was obtained from a single colony as previously described [14]. Bacterial cells in 
log-phase growth were washed and diluted in PBS to a concentration of 1*109 
colony forming unit (CFU)/ml. Bacteria were killed by exposure to UV-light for 2 h. 
ALI-PBEC were exposed to NTHi, by adding 100 µl of 109 CFU/ml of UV-NTHi to 
the apical surface followed by 3 h incubation at 37 °C with 5 % CO2. For additional 
controls, ALI-PBEC were exposed for 3 h to TNF-α (20 ng/ml; Peprotech, Rocky 
Hill, USA) or tunicamycin (Sigma-Aldrich, St. Louis, USA) added to the basal 
media. Basal media and apical fluid (100 µl PBS ± NTHi) were collected directly 
after incubation, and stored at -80°C. Cells were lysed using 200 µl of lysis buffer 
added directly to the cells and stored at -20 °C until RNA extraction. 
RV16 infection 
Human rhinovirus type 16 (RV16, VR-283) and H1-HeLa cells (CRL-1958) were 
purchased from the American Type Culture Collection (ATCC, Rockville, USA). 
RV16 was propagated in H1-HeLa cells as described previously [16, 17]. Prior to 
CS or air exposure, the cellular content of one insert per donor was trypsinized and 
counted to obtain the number of cells per inserts to calculate a multiplicity of 
infection (MOI) of 1. RV16 was diluted to achieve a MOI1 by adding the virus in 
100 µl of infection media to the apical surface of ALI-PBEC. After 1 h incubation at 
room temperature with intermittent swirling every 5 min, the apical liquid was 
removed and washed 3 times with infection medium to remove residual viral 
particles, followed by 24 h incubation at 37 °C with 5 % CO2. Basal media and 
apical fluid (100 µl PBS ± RV16) were collected directly after incubation and stored 
at -80°C. Cells were lysed using 200 µl of lysis buffer added directly to the cells 
and stored at -20 °C until RNA extraction. 
 




RNA isolation, reverse transcription (RT) and qPCR 
Total RNA was extracted using the Maxwell 16 LEV simplyRNA Tissue Kit 
(Promega, Leiden, The Netherlands) according to the manufacturer’s instructions 
and quantified using the Nanodrop ND-1000 UV-visible spectrophotometer 
(Nanodrop Technologies, USA). For cDNA synthesis, 1 μg of total RNA was 
reverse transcribed using oligo-(dT) primers and Moloney murine leukemia virus 
(M-MLV) polymerase (Promega) at 37°C. Primer sequences are listed in table 2. 
RPL13A and ATP5B were used as reference genes following selection by the 
Genorm method [18]. All quantitative PCRs (qPCRs) were carried out in triplicate 
on a CFX-384 real-time PCR detection system (Bio-Rad Laboratories, Veenendaal, 
The Netherlands) with the use of SensiFAST™ SYBR green (Bioline, 
Luckenwalde, Germany). Bio-Rad CFX manager 3.1 software (Bio-Rad) was used 
to calculate arbitrary gene expression by using the standard curve method. 
TCID50 calculation 
Viral titers were assessed on the apical washes of RV16-infected ALI-PBEC using 
confluent layers of H1-HeLa in 96-well plates. A 10-fold serial dilution of the apical 
washes was made in DMEM containing 2% FBS (Bodinco, Alkmaar, The 
Netherlands), 2% (vol/vol) 1 M HEPES (Lonza) and 1% (wt/vol) NaHCO3 (Gibco). 
The 50% tissue culture infection dose was evaluated by assessing the cytopathic 
effect after 5 days of incubation at 37 °C with 5 % CO2 and expressed as 
TCID50/ml. 
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CXCL8 and CXCL10 ELISA 
CXCL8 and CXCL10 was measured in the basal media and assessed using an 
enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s 
instructions (R&D Systems, Minneapolis, USA). 
 
 
Table 2. qPCR primers.  





Within group (control and COPD) results were evaluated using one-way ANOVA 
for repeated measures with Bonferroni as post-hoc test with GraphPad Prism 6. 
Differences between control and COPD patients were compared with a non-
parametric t-test for independent samples (Mann-Whitney). Differences were 
considered statistically significant at *p<0.05, **p<0.01 and ***p<0.001. 
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Results  
Innate immune responses, integrated stress response and oxidative stress 
responses in airway epithelial cells of control and COPD patients cultured at air-
liquid interface  
To evaluate difference in the cellular response of ALI-PBEC derived from COPD 
patients and controls, we exposed control and COPD derived ALI-PBEC to TNF-α 
(20 ng/ml) or tunicamycin (20 ng/ml) for 3 h, or to whole cigarette smoke (CS) 
exposure (4-5 min exposure to one cigarette, followed by 10 min removal of 
smoke), followed by 3 h incubation. We measured gene expression patterns of 
DEFB4, GADD34 and HMOX1 to evaluate the innate immune response, integrated 
stress response and oxidative stress response respectively. Both ALI-PBEC of 
control and COPD patients showed increased expression of DEFB4 by TNF-α, 
GADD34 by tunicamycin and HMOX1 by CS. Furthermore, ALI-PBEC from COPD 
patients showed a significantly higher induction of DEFB4 expression following 
TNF-alpha exposure compared to ALI-PBEC from controls (Fig. 1). Together these 
results suggest that both ALI-PBEC of control and COPD patients are able to elicit 
a physiologic response to various stimuli, but this response may vary in ALI-PBEC 
from COPD patients compared to controls. 



































































































Figure 1. Analysis of antimicrobial peptide expression (innate immunity; DEFB4), 
activation of the integrated stress response (GADD34) and oxidative stress 
response (HMOX1) in ALI-PBEC from COPD patients and controls (CTRL). COPD 
and CTRL ALI-PBEC were exposed to CS, TNF-α (20 ng/ml) or tunicamycin (20 ng/ml) 
for 3 h. DEFB4, GADD34 and HMOX1 gene expression was assessed by qRT-PCR. 
Results are expressed as mean ± SEM fold change compared to incubator control with n 
= 8 independent donors. *p < 0.05. ALI, air-liquid interface; CS, whole cigarette smoke 
exposure; CTRL, control; PBEC, primary bronchial epithelial cells; TM, tunicamycin. 
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Differential airway epithelial responses to bacterial infection following cigarette 
exposure in ALI-PBEC of control and COPD patients 
After evaluating whether ALI-PBEC from both control and COPD patients were 
able to elicit a physiologic response to various stimuli, we next evaluated whether 
whole cigarette smoke exposure (CS) alters epithelial responses to bacterial 
exposure, and whether this response differed between COPD patients and 
controls. Analysis of DEFB4A (innate immune response), GADD34 (Integrated 
stress response) and HMOX1 (oxidative stress response) expression was 
assessed on ALI-PBEC from control and COPD donors. These ALI-PBECs were 
exposed to air or CS, and next incubated for 3 h with or without UV-inactivated 
NTHi (109 CFU/ml) apically. CS exposure significantly inhibited the NTHi-induced 
DEFB4A expression in both control and COPD ALI-PBEC. Additionally, 
unexpectedly NTHi-induced DEFB4 expression was higher in ALI-PBEC from 
COPD patients compared to controls (p = 0.0353). Together these data suggest 
that patient status can affect the intensity of the response to CS exposure followed 
by bacterial infection. GADD34 expression showed a non-significant increase after 
CS exposure in both control and COPD ALI-PBEC. However, GADD34 expression 
was significantly increased in CS treated ALI-PBEC following NTHi exposure, but 
not in air-exposed control and COPD ALI-PBEC. Furthermore, combined CS and 
NTHi exposure appears to synergistically increase GADD34 expression in both 
control and COPD ALI-PBEC, suggesting that CS exposure exacerbates the NTHi-
induced integrated stress response. CS alone significantly induced HMOX1 mRNA 
in both donor groups, whereas NTHi exposure alone did not. However, HMOX1 
induction by CS exposure appears to be lower in COPD ALI-PBEC compared to 
controls. No significant differences were observed in HMOX1 expression between 
COPD and controls, suggesting that control and COPD ALI-PBEC have a similar 
capacity to induce an oxidative stress response following CS exposure which is 
unaffected by NTHi exposure (Fig. 2). 
  




























































































































































































Figure 2. Whole cigarette smoke exposure differentially alters responses of COPD 
ALI-PBEC to NTHi. ALI-PBEC from COPD and CTRL donors were exposed to air or 
CS, followed by 3 h exposure to UV-inactivated NTHi (109 CFU/ml). DEFB4, GADD34 
and HMOX1 gene expression was assessed by qRT-PCR. Results are expressed as 
mean ± SEM fold change compared to untreated control with n = 8 independent donors. 
*p < 0.05. ALI, air-liquid interface; CS, whole cigarette smoke exposure; CTRL, control; 
NTHi, non-typeable Haemophilus influenzae, PBEC, primary bronchial epithelial cells. 
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Differential airway epithelial responses to viral infection following cigarette 
exposure in ALI-PBEC of control and COPD patients 
ALI-PBEC cultures from COPD patients show altered responses to bacterial 
infection following whole cigarette smoke exposure (CS). Next, we evaluated if 
whole cigarette smoke exposure also alters the viral response in ALI-PBEC of 
COPD patients and whether these responses are different compared to ALI-PBEC 
from control patients. ALI-PBEC from 8 controls and 8 COPD patients were 
exposed to air or CS and then infected with RV16 at a MOI of 1 for 1 h followed by 
24 h incubation. Analysis of total viral RNA of RV16 showed a higher viral RNA 
load after CS exposure compared to air-exposed controls; this effect however did 
not reach statistical significance (Fig. 3A). Furthermore, shedding of infectious 
particles, indicated by the TCID50, showed non-significant differences between 
COPD and control cultures, and prior exposure to CS had opposite effects on 
cultures derived from both groups. The CS-induced increase in viral particle levels 
in cultures from COPD patients nearly reached statistical significance (Fig. 3B). 
This apparent difference between shedding of infectious RV16 particles and viral 
load assessment by qPCR requires further investigation.  
RV16 exposure significantly induced expression of the cytoplasmic viral RNA 
sensors RIG-1 and MDA5 in COPD-derived ALI-PBEC cultures, but not in CTRL-
derived ALI-PBEC. This effect was unaffected by CS exposure (Fig. 3C). RV16 
exposure induced a non-significant increase in IFNβ expression, which followed a 
similar trend as RIG-I and MDA5 expression (Fig. 3C). The expression of 
interferon-stimulated genes Viperin and ISG15 was increased by RV16. This effect 
was unaffected by CS exposure (Fig. 3C). Taken together, these results suggest 
that CS exposure mainly affects RV16-induced responses in COPD-derived ALI-
PBEC. 



















































































































































































































































































































































































Figure 3. Whole cigarette smoke exposure differentially alters the response of 
COPD ALI-PBEC to RV16. ALI-PBEC from COPD and CTRL donors were exposed to 
air or CS, followed by 1 h infection with RV16 (MOI1) and 24 h incubation. (A) RV16 
gene expression was assessed by qRT-PCR. Results are expressed as mean ± SEM 
normalized expression compared to incubator control with n = 8-9 independent donors. 
(B) Viral titration was performed on the apical wash and reported as TCID50/ml. (C) IFNß, 
Viperin, RIG-I, MDA5 and ISG15 gene expression was assessed by qRT-PCR. Results 
are expressed as mean ± SEM fold change compared to incubator control with n = 8 
independent donors. *p < 0.05, **p < 0.01. ALI, air-liquid interface; CS, whole cigarette 
smoke exposure; CTRL, control; MOI, multiplicity of infection; PBEC, primary bronchial 
epithelial cells; RV16, rhinovirus 16; TCID50, 50% tissue culture infective dose. 
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Whole cigarette smoke exposure differentially alters cytokine secretion of ALI-
PBEC following RV16 exposure 
Whole cigarette smoke (CS) exposure mainly affected RV16-induced responses in 
COPD-derived ALI-PBEC compared to ALI-PBEC from controls. To investigate 
whether this effect was also observed when investigating cytokine protein release, 
ALI-PBEC from 8 controls and 8 COPD donors were exposed TNF-α for 24 h or to 
air or CS followed by infection with 1 MOI of RV16 for 1 h followed by 24 h 
incubation. CXCL8 and CXCL10 release following TNF-α stimulation was similar in 
ALI-PBEC from control and COPD patients (Fig. 4A). CXCL8 was increased by CS 
exposure, but remained unaffected by RV16 exposure in ALI-PBEC of both control 
and COPD patients. Baseline secretion of CXCL8 appeared to be lower in ALI-
PBEC of COPD patients compared to controls, but this effect was not significant 
(Fig. 4B). CXCL10 was detected only in RV-16 exposed ALI-PBEC. CS exposure 
appeared to lower RV16-induced CXCL10 secretion in both control and COPD ALI-
PBEC, but this did not reach statistical significance (Fig. 4B). Overall, CXCL8 and 
CXCL10 secretion did not appear to be differentially regulated in ALI-PBEC of 
COPD patients compared to controls.  
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Figure 4. Effect of RV16 infection and whole cigarette smoke exposure on 
secretion of CXCL8/IL-8 and CXCL10/IP10 protein secretion of ALI-PBEC from 
COPD patients and controls. (A) ALI-PBEC from COPD and control donors were 
exposed to TNF-α for 24 h or (B) air or CS, followed by 1 h infection with RV16 (MOI1) 
followed by 24 h incubation. Protein quantification of CXCL8 and CXCL10 was 
performed by ELISA. Statistical significance is indicated as *p<0.05, **p<0.01 and 
***p<0.001. ALI, air-liquid interface; CS, whole cigarette smoke; CTRL, control; MOI, 
multiplicity of infection; ND, none detected; PBEC, primary bronchial epithelial cells; 
RV16, rhinovirus 16. 
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Discussion 
In this study we aimed to compare responses to bacterial exposure and rhinovirus 
infection between primary bronchial epithelial cells (PBEC) from COPD patients 
cultured at air-liquid interface (ALI). Cigarette smoke (CS) exposure reduced NTHi-
induced expression of the antimicrobial peptide DEFB4 and decreased the viral 
titer in the supernatant of rhinovirus (RV) infected cells. Moreover, ALI-PBEC 
cultures from COPD patients and controls showed no significant differences in their 
responses to NTHi exposure or RV16 infection. 
 
Cigarette smoking is considered the main risk factor for the development of COPD. 
Cigarette smoking has been shown to affect various epithelial cell functions 
through a range of different mechanisms. Cigarette smoke causes oxidative stress 
and we previously showed the cigarette smoke-mediated induction of HMOX1 in 
cells from control donors cultured at the air-liquid interface [19]. Here we observed 
a lower induction of HMOX1 in COPD compared to control donors, which was not 
statistically significant. Cigarette smoke can also activate toll-like receptors through 
endotoxin contamination present in tobacco [20, 21]. Furthermore, PBEC from 
active smokers have impaired antiviral responses [22]. In a previous in vitro study 
from our group, NTHi stimulation of COPD patients resulted in a lower antimicrobial 
activity and a lower expression of DEFB4A compared to control patients at 24 h 
after treatment with NTHi [10]. In the same study, exposure to cigarette smoke 
impaired the NTHi-induced DEFB4A expression at different time points and hBD2 
release at 24 h after treatment with bacteria. In line with these findings, our results 
indicate that cigarette smoke dampens the innate immune response to NTHi, as 
suggested by the reduced DEFB4 expression at 3 h after bacteria-treatment. In 
contrast, we observed a higher expression of DEFB4A in COPD compared to 
control patients after NTHi stimulation and this difference was significantly higher 
after TNFα treatment. Difference between ours and previous findings on the NTHi-
induced expression of DEFB4A in control and COPD patients might be explained 
by the different time of incubation after stimulation. DEFB4 expression has 
previously been shown to be lower in patients with smoking history during acute 
pneumonia [23], which is in line with our results in vitro using whole cigarette 




smoke exposure. Cigarette smoke synergistically increased the integrated stress 
response induced by bacterial stimulation in both ALI-PBEC of control and COPD 
patients. Since we only investigated expression of GADD34, we cannot rule out 
that its expression was part of the unfolded protein response to endoplasmic 
reticulum stress, instead of the integrated stress response. Interestingly, in a model 
of whole exposure to diesel exhaust followed by NTHi treatment, ALI-PBEC of 
control and COPD patients showed similar responses to those induced by cigarette 
smoke [24]. Diesel exhaust also reduced the NTHi-induced expression of DEFB4A 
but this inhibition was only significant in cultures from COPD patients. Both diesel 
exhaust and cigarette smoke increased the NTHi-induced expression of GADD34 
[24]. Cigarette smoke has been shown to increase adhesion of Haemophilus 
influenzae to airway epithelial cells, which may help to explain the synergistic effect 
on the integrated stress response following bacterial infection [25]. Overall, these 
data suggest that cigarette smoke may alter epithelial responses to bacterial 
infection.  
Bronchial epithelial cells are the primary site for RV infection, indicating an 
important role for bronchial epithelial cells and their innate immune response 
against inhaled respiratory viruses [26]. After entering the cell, viral RNA is 
recognized by cytoplasmic RIG-I-like receptors that recognize viral double-stranded 
RNA which subsequently trigger antiviral innate immune responses and induce 
type I interferon production [27]. Important RIG-I-like receptors are RIG-1 and 
MDA5, which induce type I and type III interferons following viral infection. 
Interferons can then activate the expression of multiple interferon-responsive 
genes, including CXCL10, ISG15 and Viperin [28, 29]. Our results showed no 
obvious effects of CS exposure on RV16-indyced expression of MDA5, RIG1 and 
their downstream effectors IFNß, ISG15 and Viperin. It has been shown that PBEC 
from COPD patients have impaired induction of type I IFN, resulting from reduced 
protein kinase R (PKR) and decreased PKR-mediated stress granules, leading to 
increased viral replication after viral infection [30]. Viperin, an interferon-responsive 
gene, can be induced by human rhinoviruses and has been shown to inhibit viral 
replication by inhibiting viral proteins that are required for viral assembly and 
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maturation [29, 31]. Whole cigarette smoke exposure did not inhibit Viperin 
expression 24 h after infection. Results by Proud and colleagues showed that 
Viperin expression is continuously increased even 48 h after infection, suggesting 
that we may have to investigate Viperin expression at later time points. Taken 
together, our results are not in line with current reported findings that show 
increased susceptibility to viral infections in COPD patients [7, 32-34]. 
Nonetheless, we did observe a decreased viral titer following CS exposure in RV 
infected cells. Our in vitro smoke exposure setup may require further adaptations to 
mimic in vivo exposure more closely. Alternatively, our antiviral data is mostly 
limited to gene expression data that may not reflect actual protein expression.  
Total viral RNA of RV16 showed a non-significant increase after CS exposure 
compared to air-exposed control ALI-OBEC. Primary bronchial epithelial cells of 
COPD patients have previously been shown to have increased expression of 
antiviral and pro-inflammatory genes following human rhinovirus compared to 
healthy controls [35, 36]. Various factors may contribute to the observed 
differences in the results. Various human rhinovirus serotypes exist and have been 
used for research, which may elicit different cellular responses. Additionally, our 
controls may have a smoking background whereas the aforementioned studies 
used non-smoking controls. Furthermore, Baines and colleagues used submerged 
cultures of primary bronchial epithelial cells, which do not form a pseudostratified 
epithelial layer. Submerged epithelial layers consist mainly of dividing basal cells, 
whereas a pseudostratified epithelial layer consists of multiple epithelial subtypes, 
which resembles the in vivo epithelium more closely [37]. Moreover, basal cells 
have been shown to be more susceptible to RV infection [38]. Overall, our data 
suggests that the reduced antiviral response in airway epithelial cells of COPD 
patients, but not in controls, may result from epigenetic mechanisms as these 
effects are preserved in culture. 
The airway epithelium of COPD patients is exposed to persistent airway 
inflammation with increased numbers of inflammatory cells, despite smoke 
cessation in many patients [39]. Various reports have indicated differences in 
epithelial characteristics between control and COPD patients. Airway epithelial 




cells of COPD patients have been shown to release more CXCL8 compared to 
smoking controls [40]. This cytokine plays an important role in neutrophil 
recruitment to the airways. Additionally, rhinovirus induced-CXCL10 production in 
airway epithelial cells was shown to be reduced by cigarette smoke exposure [41-
43]. Our results do not recapitulate these findings for increased CXCL8 release in 
airway epithelial cells of COPD patients and reduced CXCL10 expression following 
RV16 infection after smoke exposure. This may be explained by differences in 
culture methods and the use of whole cigarette smoke exposure rather than an 
aqueous extract of cigarette smoke. Furthermore, since most of our donors were 
(ex-)smokers, the observed effects may be attributed to the effect of cigarette 
smoking rather than patient status. 
Strengths of our study are the use of primary epithelial cells derived from multiple 
donors with and without COPD. Additionally, we used ALI differentiated cells to 
allow mucociliary differentiation, rather than using cell lines that do not differentiate 
and display other abnormalities. Finally, we used freshly prepared mainstream 
whole cigarette smoke containing both the gaseous and particulate components 
instead of the widely used aqueous extracts of cigarette smoke. Aqueous extracts 
of cigarette smoke fail to capture the complexity of whole cigarette smoke and also 
lack the presence of volatile compounds. Nevertheless, this study also has some 
limitations. Bronchial epithelial cells were derived from macroscopically normal 
resected tissue obtained during surgery for lung cancer from patients that were 
largely (ex)-smokers. Furthermore, epithelial cells from healthy non-smoking 
controls were not available to further evaluate the effect of whole cigarette smoke 
on bacterial and viral infection in ALI-PBEC.  
In conclusion, our results indicate that cigarette smoke differentially affects 
bacterial exposure responses in airway epithelial cells, but these effects do not 
appear to differ in airway epithelial cells from COPD patients compared to controls. 
The observation that cigarette smoke synergistically increases the integrated stress 
response by Haemophilus influenzae implies this pathway as a possible 
therapeutic target in COPD patients. Our study however could not confirm existing 
reports on reduced antiviral responses in airway epithelial cells from COPD 
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patients. Collectively, our results provide novel insight in the interaction between 
cigarette smoke exposure and subsequent bacterial or viral infection that is 
relevant for COPD pathogenesis. 
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7.1 Summary of main findings 
Exposures to diesel exhaust (DE) have been linked with several adverse effects on 
human health [1-4]. In vitro studies exploring effects of DE on cell cultures have so 
far largely relied on methods that can introduce several artefacts, such as those 
introduced by diesel exhaust particle (DEP) sampling and handling [5], selection of 
cells and culture models [6], and dynamics of exposure [7]. Here we demonstrate 
the feasibility of using physiologically relevant in vitro exposures of human airway 
epithelial cell cultures to complete DE mixtures, to investigate the unknown 
molecular mechanisms underlying DE effects in vivo. For this aim, we used state-
of-art methods of cell culture and inhalation toxicology: i) use of cultures of human 
primary bronchial epithelial cells (PBECs) differentiated at the air-liquid interface 
(ALI); ii) use of whole DE produced by relevant sources; and iii) controlled ALI 
exposures and full characterization of DE (Chapter 2). In first our studies (Chapter 
2 and 3), we focused on emissions from a diesel generator (Engine 1), a small 
diesel engine (generator set) without any after-treatment device. The PM emissions 
of this non-road mobile machinery (NRMM) engine are within the limits of the Euro 
I regulation. In a next series of studies we used a modern typical Euro V bus 
engine (Engine 2) at the Powertrain Test Center of TNO in Helmond.  
A summary of our findings on the effects of diesel exhaust on the various readouts 
is provided in table 1. In our exposure model, using the diesel generator (Engine 1) 
cell death was observed in ALI-PBECs only at extremely high DE concentrations 
(Chapter 2, Figure 3). The epithelial barrier function was also reduced in cells 
showing signs of cytotoxicity, briefly after exposure to mid and high doses of DE 
emissions produced by a diesel generator used (Chapter 2, Figure 3). Interestingly, 
ALI-PBECs exposed to mid dose of DE showed increased transepithelial electrical 
resistance (TEER) 24 h after exposure compared to shorter incubation time; this 
increase may reflect the ability of these cells to recover from acute exposure to 
high concentrations of DE. Lower doses of the same emissions, achieved by 
reducing the time of exposures, did not lead to cytotoxicity even in presence of 
NTHi (Chapter 3, Figure 1). Use of emissions from a Euro V bus engine (Engine 2) 
allowed us to investigate the effects of exposures more relevant to real life 
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situations, due to the PM mass reduction in the emissions of such engines which 
better reflects exposure by modern diesel engines. Bus Euro V DE did not lead to 
cytotoxicity or reduction in barrier function in ALI-PBECs exposed in our system 
(Chapter 4). Expression of the oxidative stress response marker HMOX1 mRNA 
was observed shortly after exposures to both sources of DE (diesel generator in 
Chapter 2, Figure 6A and Euro V in Chapter 4, Figure 2A and 6A). Our data 
suggest a transient induction of HMOX1 mRNA after DE exposure in ALI-PBECs. 
Recently, Nrf2 and NFκB have been shown to mediate a transient induction of 
HMOX1 mRNA, while the transcriptional factors HSF1 and AP1 mediate 
expression of genes that regulate a long-term system of oxidant removal [8]. Nrf2 
nuclear translocation was observed in endothelial cells of tetracultures (consisting 
of macrophage, mast cell, epithelial and endothelial cell lines) exposed to Euro V 
DE emissions (Chapter 5, Figure 3). These results show that analysis of the effects 
of DE on Nrf2 and NFκB are feasible in our ALI-PBEC exposure model. Nrf2 can 
further induce the anti-oxidant NAD(P)H dehydrogenase, quinone 1 (NQO1) 
mRNA, that was induced in ALI-PBECs briefly after exposure to DE from both the 
diesel generator and from the Euro V bus engine (Chapter 2, Figure 6 and Chapter 
4, Figure 2). Activation of the integrated stress response (ISR) was observed in 
ALI-PBECs exposed to DE from the diesel generator as shown by induction of 
DDIT3/CHOP and PPP1R15A/GADD34 mRNA (Chapter 2 and 3). Using the same 
generator, exposures to high DE for different lengths of time resulted in the 
induction of CHOP and GADD34 mRNA briefly after exposures (Chapter 2, Figure 
4, 6 and 8, Chapter 3, Figure 2). No induction of XBP1spl or BiP/GRP78 were 
observed under the same conditions (data not shown), suggesting the involvement 
of the ISR rather than the unfolded protein response (UPR) to endoplasmic 
reticulum (ER) stress. Interestingly at 1:30 h after exposure, CHOP and GADD34 
were induced in all exposed cells after short exposures, which indicates a transient 
stress response to the exposure (Chapter 2, Figure 6). In contrast, Euro V bus 
emissions did not induce activation of the ISR (Chapter 4, Figure 4, 6 and 7), which 
may be explained by the different composition of Euro V bus emissions with lower 
levels of possible toxicants. Acute exposure to DE followed by treatment with non-
typeable Haemophilus influenzae (NTHi) enhanced the NTHi-induced expression 
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of GADD34 mRNA. The synergistic effect of DE and NTHi on GADD34 mRNA 
induction was observed after exposure to emissions from both the diesel generator 
and Euro V bus engine (Chapter 3, Figure 2 and Chapter 4, Figure 4). Collectively, 
these data suggest that DE has the potential to activate the ISR in primary airway 
epithelial cells, and that lower concentrations of DE are less effective in this 
respect. Whether chronic repeated exposures to such Euro V bus engine 
emissions cause ISR activation requires further studies.  
Whereas DE did not cause activation of the other arms of the UPR, we did observe  
a DE-mediated inhibition of the NTHi-induced mRNA expression of the UPR 
related chaperone protein heat shock protein family A (Hsp70) member 5 (BiP, 
Chapter 3, Figure 2 and Chapter 4, Figure 4). DE further reduced the NTHi-induced 
antimicrobial response as shown by a reduction in expression of S100 calcium 
binding protein (S100A7) and human beta-defensin (hBD)-2 (DEFB4A gene, 
Chapter 3, Figure 3 and Chapter 4, Figure 6), without interfering with the NTHi-
induced CXCL8 mRNA expression (Chapter 3, Figure 3 and Chapter 4, Figure 6). 
In control experiments, cells from COPD donors and controls were exposed to 
cigarette smoke (CS) and then treated with NTHI or infected with human rhinovirus 
16 (Chapter 6). These results showed that, in addition to DE, also CS exposure of 
ALI-PBECs inhibited the NTHi-induced DEFB4A mRNA expression and contributed 
to the enhancement of the NTHi-induced GADD34 expression (Chapter 6, Figure 
2). DE alone was able to trigger the induction of CXCL8 mRNA expression 
(Chapter 2, Figure 6 and Chapter 3, Figure 3 legend). When using emissions from 
the Euro V bus engine, that had lower PM content, we did not detect a direct 
induction of this pro-inflammatory cytokine after acute exposure to DE (Chapter 4, 
Figure 5, 6 and 7). Our data indicates that diesel activates an inflammatory 
response as shown by CXCL8 induction in a dose-dependent fashion. Exposure 
to emissions from a diesel generator that was not connected to an after-treatment 
device, significantly modulated CHOP, GADD34, BiP and DEFB4A mRNA 
expression only in cells from COPD patients. However, we cannot exclude that 
differences in donor numbers between the COPD and control groups might explain 
the absence of statistically significant effects in the control group. Also when using 
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emissions generated by a Euro V bus engine, comparison between ALI-PBEC from 
COPD and control subjects did not show significant difference between donor 
groups for the induced markers studied.  
In summary, our data show that exposure of differentiated cultures of airway 
epithelial cells (ALI-PBEC) to diesel exhaust causes a variety of cellular effects, 
which are distinct based on concentration of diesel exhaust, duration of exposure 
and time point of analysis following the exposure, as well as the engine used for 
generation of the exhaust. The observed effects include cytotoxicity at high 
concentration of exhaust from the diesel generator, but importantly also effects at 
non-cytotoxic concentrations by emissions from the diesel generator and a typical 
Euro V bus engine; these effects included the induction of the oxidative stress 
response and activation of the integrated stress response, as well as inhibition of 
microbial-induced expression of antimicrobial host defense peptides. Furthermore, 
we observed remarkable similarities in the epithelial response to diesel exhaust 
exposure and that to cigarette smoke exposure. 
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Read-out Engine 1 
(diesel generator) 
Engine 2 
(Euro V bus engine) 
Cell death ↑ = 
Barrier function ↓ = 
Oxidative stress response ↑ ↑ 
ISR (DE alone) ↑ = 








Table 1. Summary of the effects of diesel exhaust from two types of diesel engines 
on air-liquid interface cultures of human primary bronchial epithelial cells.  
See text for details 
Abbreviations: DE, diesel exhaust; ISR, integrated stress response; NRMM, non-road 
mobile machinery; NTHi, non-typeable Haemophilus influenzae 
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7.2 Cytotoxicity and inflammation after acute exposure to diesel exhaust 
A common feature of previous studies is the focus on cytotoxicity as readout to 
study the effects of particulate matter (PM) or diesel exhaust in vitro [9-11]. 
Furthermore, in many studies, the A549 tumor cell line (with characteristics of 
alveolar type II cells) serves as the preferred cell type for in vitro studies of diesel 
cytotoxicity [12-14]. A549 cultures, however, are less suitable for ALI-exposures 
compared to other cell lines and primary airway epithelial cells [15]. One reason is 
absence of formation of tight junctions, which also increase the susceptibility of 
these cells to toxic agents [16]. In studies using 16HBE bronchial epithelial cells, no 
cytotoxic effects were detected upon exposure to DE or DE particles (DEP) [17, 
18]. In contrast to A549 cells, 16HBE cells do express functional junctions in vitro 
[19], but lack the mucus producing cell phenotype characteristic of differentiated 
airway epithelial cells [20]. Furthermore, in these studies resuspended DEP and 
higher doses (i.e. 10 μg/cm2, corresponding to 5 days of exposure in vivo [17]) 
were used compared to those used in our in vitro model. As a consequence, 
comparisons of our findings with previous studies on in vitro diesel exposure are 
limited. Using unfiltered diesel emissions from a diesel generator, we observed 
LDH release (as a marker of cytotoxicity) in ALI-PBECs at 6 and 24 h after 
exposure to DE delivered doses (DD) of 0.86 and 1.87 μg/cm2 (mid, high DE, 
Chapter 2, Figure 3). When extrapolating these findings to “real-life exposures”, we 
calculated that the DE concentrations leading to cytotoxic effects in our in vitro 
model corresponded to 4.8 and 10.4 h exposures in an environment with an air 
pollution level of PM2.5 of 50 μg/m3, which is twice the permitted level indicated by 
the European Union [21]. Using lower doses of DE from the diesel generator (0.04-
0.62 μg/cm2) or Euro V DE emissions (0.06-0.33 μg/cm2), no signs of cytotoxicity 
were observed in highly differentiated ALI-PBECs (Chapter 2, 3, 4). Also complex 
tetracultures constituted of four different cell lines (A549 alveolar epithelial cells, 
THP-1 macrophages, HMC-1 mast cells on the apical side and EA.hy 926 
endothelial cells on the basal side of the filter of the Transwell insert) were exposed 
to Euro V DE emission showing a dose-dependent cytotoxic effect mediated by DE 
(Chapter 5, Figure 1). It needs to be noted that some cytotoxicity was also detected 
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in the air-exposed tetraculture compared to unexposed controls. These data 
confirm the higher sensitivity to cell death of the cell lines used in this tetraculture 
system when cultured at the air-liquid interface. Furthermore, this relatively high 
cell death in absence of DE exposure might limit the detection of other effects 
induced by diesel, such as the induction of oxidative stress markers, and activation 
of the ISR and inflammatory response.   
The DE doses leading to cytotoxic effects in ALI-PBECs also caused a significant 
mRNA induction and protein release of CXCL8 24 h after exposures. Studies on 
cytotoxicity have been often included the analysis of chemokine release [10, 11]. 
Among them, the neutrophil chemoattractant CXCL8 is of special interest, since its 
expression is increased in the lung of COPD patients and further increased during 
exacerbations [22,23]. Several previous studies reported the ability of DE or DEP 
to induce epithelial CXCL8 expression in vitro [5, 10, 11, 24]. Here we showed that 
after exposure to both cytotoxic and non-cytotoxic levels of DE, significant CXCL8 
mRNA induction and protein release was observed (Chapter 2, Figure 6 and 
Chapter 3, Figure 3 legend). Because ALI-PBEC can be cultured for prolonged 
periods of time (weeks to months; unpublished observations) and since we were 
able to detect cellular responses in absence of cytotoxicity, studies on chronic 
exposure of ALI-PBECs to DE in vitro appear feasible in our exposure model. 
Human diesel exposures are recurrent and constantly present during life, and 
therefore an ideal model should be able to mimic such prolonged exposures. In 
COPD, chronic inflammation and alterations in repair and remodeling processes 
lead to progressive loss of lung function [25]. Models of acute exposure to diesel in 
vitro can indeed provide insights on the molecular mechanisms influenced by DE, 
but repeated or chronic exposure to DE can better mimic in vitro the negative 
health effects exerts by diesel exhausts in the human lung. Showing the feasibility 
of such an in vitro approach, our group has recently reported on the effects of daily 
exposure of ALI-PBEC to cigarette smoke during 19 days of differentiation, 
revealing marked effects on epithelial differentiation and constitutive host defense 
[26]. Because of the similarities noted between the effects of short term exposures 
to DE and cigarette smoke (effects on barrier activity, induction of CXCL8, 
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reduction of NTHi-induced hBD-2 and S100A7 expression and activation of the ISR 
[27, 28], Chapter 6, Figure 3; unpublished observations), repeated DE exposure 
may reveal similar effects as observed with cigarette smoke. Recently it has also 
been reported that repeated exposures to emissions from a gasoline diesel engine 
were not cytotoxic for MucilAirTM primary human epithelial cells and 16HBE cell line 
[29]. 
7.3 Time vs concentration of exposure to diesel exhausts and time-course of 
cell response 
In our exposure system, the apical surface of ALI-PBECs can be exposed to the 
same delivered doses (DD) during different exposure times. This allowed us to 
investigate the relative importance of DE doses, defined as PM concentration, 
against time of exposure. Transepithelial electrical resistance, cytotoxicity, CXCL8 
release and HMOX1 induction were characterized by a clear dose-dependent 
modulation by DE (Chapter 2, Figure 3 and 4). Shorter exposures resulted in a 
stronger modulation of these parameters compared to longer exposure to the same 
DE delivered doses (Chapter 2, Figure 3 and 4). No other study investigated the 
relative importance of time and concentration of exposure, but rather focused on 
the effect of different doses of DE or time-course of cells response after exposure. 
In a previous study on co-culture of 16HBE, monocytes and dendritic cells, 
expression of the tight junction protein occludin was not influenced by different 
concentrations of DEP in 16HBE cells [30]. Another study in which 16HBE were 
exposed to DE for 1, 2 or 4 h to DE showed a dose-dependent increase in 
cytotoxicity and CXCL8 secretion at 24h after exposure [24]. However, the use of 
immortalized cell lines and/or of DEP instead of DE limits comparison with our 
findings. In a more comparable setup, Hawley et al studied the effect of 0.36 and 
1.10 µg/cm2 of DE delivered during 90 and 180 min exposure respectively on 
primary bronchial epithelial cells. With the only exception of CXCL8, there was no 
increase of anti-oxidant response transcripts, as HMOX1, in relation with DE doses 
[11]. This is in line with the transient and early induction of HMOX1 mediated by DE 
that we showed in Chapter 2 (Figure 6). In conclusion, our data indicate a higher 
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biological impact of short exposures to highly concentrated DE mixtures, compared 
to prolonged exposure to the same DE doses. 
7.4 Effect of diesel exhaust on the antimicrobial response of airway epithelial 
cells to microbial exposure 
Since DE and non-typeable Haemophilus influenzae (NTHi) are both associated 
with COPD exacerbations (Chapter 1, paragraph 1.1), we aimed to investigate the 
influence of DE exposure on the antimicrobial response of primary lung cells to 
NTHi. Exposure of ALI-PBEC to DE emissions from a diesel generator reduced the 
mRNA expression of the antimicrobial peptides S100A7 and DEFB4A in ALI-
PBECs treated for 3 h with NTHi (Chapter 3, Figure 3). Euro V DE emissions 
reduced only the NTHi-induced DEFB4A transcript (Chapter 4, Figure 5, 6 and 7). 
A decreased antimicrobial response might facilitate lung colonization by micro-
organisms and increase susceptibility to bacterial infections such as those 
associated with COPD exacerbations. Previously, various studies have 
demonstrated that cigarette exposure markedly decreases the antimicrobial 
function of the airway epithelium [28, 31]. In Chapter 6 we also showed a reduced 
induction of DEFB4A in primary bronchial epithelial cells treated with NTHi after 
exposure to cigarette smoke stream (Figure 2). The effect mediated by CS was 
significant in both COPD donors and controls. The observed DE-mediated 
inhibition of DEFB4A mRNA expression was significant only in COPD donors after 
exposure to Euro V DE bus engine emission (Chapter 4, Figure 6 legend). Use of 
PBECs allows direct comparison of the response of different donors, however a 
larger donor group is required to further confirm our findings with ALI-PBECs. In 
our experiments DEFB4A was the only marker which was consistently inhibited by 
DE in all exposure durations and to the same degree at different concentrations 
(Chapter 3, Figure 3, Chapter 4 Figure 5, 6 and 7). Notably, HMOX1 mRNA was 
not induced in ALI-PBECs exposed to 0.06 μg/cm2 Euro V DE delivered dose 
(Chapter 4, Figure 7), while DEFB4A inhibition by DE was detected using the same 
exposure condition. In conclusion, while cytotoxicity, anti-oxidant and pro-
inflammatory responses are modulated by DE in a dose-dependent fashion, 
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analysis of DEFB4A expression appears more sensitive to explore the effects of 
diesel exposure. 
7.5 Modulation of the microbial-induced integrated stress response by diesel 
exhaust  
During activation of the ISR, phosphorylation of eIF2α by four different sensor 
kinases reduces the rate of protein translation, while increasing production of the 
transcriptional factor ATF4. The activated form of ATF4 induces DDIT3/CHOP and 
PPP1R15A/GADD34 mRNA. CHOP is responsible for the induction of the 
phosphatase GADD34, which mediates the negative loop that terminates the ISR 
by dephosphorylating eIF2α to allow restoration of protein translation [32]. Due to 
its function, GADD34 thereby plays a crucial role in the regulation of the 
attenuation of protein translation. In addition, it has been suggested to mediate 
apoptosis in an in vitro model of Parkinson disease [33]. For the first time, we 
showed a NTHi-mediated induction of GADD34 mRNA in ALI-PBECs already after 
3 h treatment (Chapter 3, Figure 2). Furthermore we showed an enhancement of 
the NTHi-induced GADD34 expression by DE using emissions from the diesel 
generator and the Euro V bus engines (Chapter 3, Figure 2 and Chapter 4, Figure 
4A). The effects observed in our model of acute exposure indicate the potential of 
DE to interfere with the ISR occurring in primary airway epithelial cells in presence 
of NTHi. This is intriguing as recurrent GADD34 inductions may lead to oxidative 
and protein damage accumulation and then to apoptosis in chronic disease 
conditions [33, 34]. In a previous study in which A549 cells were treated with 0.1 
mg/ml diesel PM1.0, enlargement of the rough endoplasmic reticulum was observed 
with transmission electronic microscopy, suggesting the activation of the UPR [35]. 
Our findings suggest that DE may cause apoptosis through the enhancement of 
GADD34 expression during bacterial-mediated COPD exacerbations. Further 
experiments are needed to confirm this hypothesis. In case of the UPR, three 
sensors mediate activation of the three arms of the UPR: PERK is responsible for 
eIF2α phosphorylation, IRE1α generates spliced XBP1, and ATF6 leads to the 
induction of chaperone proteins such as HSP5A/BiP [36]. Emissions from a diesel 
generator and a bus Euro V diesel engines significantly inhibited the NTHi-induced 
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expression of HSP5A/BiP in ALI-PBECs. Together the enhancement of GADD34 
and the inhibition of BiP by DE during infection might contribute to increased 
oxidative damage. 
7.6 Differential response of epithelial cells from different donors to diesel 
exhaust 
Cigarette smoke is well-known to be the major cause of COPD in industrialized 
societies [37], however several reports have associated COPD exacerbations with  
exposure to diesel [38-40]. In Chapter 3 and 4 we attempted to compare the 
response to diesel exhaust in COPD donors with age-matched controls. No other 
previous in vitro study investigated the effect of diesel exposure in cells from COPD 
donors. Using diesel emission from a diesel generator, induction of CHOP mRNA 
was observed only in COPD patients. At the same conditions, also GADD34 
induction was significant only in cells from COPD donors (Chapter 3, Figure 2). 
These observations suggested a higher susceptibility of COPD patients in terms of 
activation of the ISR mediated by highly concentrated DE emissions. However, due 
to differences in donor numbers and the small size of the COPD and control 
groups, further studies are necessary to confirm our findings. This is supported by 
the observation that DE emissions from the same engine significantly induced 
CHOP and GADD34 mRNA in cells from one control donor (Chapter 2, Figure 4, 6 
and 8). Expression of CHOP and GADD34 was not induced after exposure to Euro 
V DE bus engine emissions in both donor groups (Chapter 4, Figure 6). Repeated 
exposures to Euro V DE bus engine emissions are necessary to verify if lower 
doses of diesel are still able to activate the ISR in COPD and/or control donors. 
However, whereas these emissions alone did not suffice to activate the ISR, in 
cells from COPD donors, exposure to emissions from a diesel generator followed 
by NTHi treatment further increased the NTHi-induced GADD34 expression 
compared to DE alone (Chapter 3, Figure 2). This effect was not observed after 
exposure to low concentrations of Euro V DE bus engine emissions in both donor 
groups (Chapter 4, Figure 6). The synergistic effect of DE and NTHi in GADD34 
induction was observed after exposure to higher doses of DE generated by a Euro 
V bus engine (DD of 0.33 μg/cm2), however only control donors were used. Based 
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on our findings, activation of GADD34 mRNA induction might provide a reliable tool 
to define risk scenarios for exacerbation of COPD patients in relation to PM2.5 
concentrations in the atmosphere. Cell cultures from COPD donors were also more 
susceptible to high levels of diesel pollution also in terms of HSP5A inhibition by 
DE (Chapter 3, Figure 2). GADD34 activation and inhibition of HSP5A by DE in 
cells from COPD donors delineate a scenario in which accumulation of reactive 
oxygen species (ROS), and resulting oxidative stress and protein damage, can 
potentially lead to cell death in conditions of repeated exposure to DE. In contrast 
to this, DE enhanced the NTHI-induced expression of CXCL8 mRNA only in control 
donors without showing statistical significant differences compared to NTHi alone 
(Chapter 3, Figure 3 and Chapter 4, Figure 5-7). This synergistic interaction 
between exposure to DE and NTHi in inducing CXCL8 mRNA was observed in ALI-
PBECs of non-COPD donors using highly relevant doses of DE produced by a 
Euro V bus engine (0.06, 0.14 and 0.33 μg/cm2). This difference in response 
between donors might be explained by desensitization to stimuli of cells from 
COPD donors, characterized by a chronic inflammatory state, or to e.g. the 
relatively small sample size studied. As previously discussed in section 7.4, the 
DE-mediated inhibition of the NTHi-induced DEFB4A expression was significant 
only in COPD patients after exposure to Euro V diesel emission from a bus engine. 
Since induction of antimicrobial responses differs between COPD patients and 
controls [28], and a large variation in DEFB4A expression within the donor groups 
has been observed, confirmation of the higher susceptibility of COPD donors 
require a larger patient cohort.  
Diesel exposure has also been associated with asthma exacerbations [41]. In order 
to study the relation between DE and asthma, IL-13 treated ALI-PBEC were 
exposed to the emission of a Euro V bus engine (data not shown). Cells were first 
treated for 2 weeks with IL-13 to generate a Th2 signature, which is characterized 
by an increase in periostin (POSTN), chloride channel accessory 1 (CLCA1) and 
serpin B2 (SERPINB2) expression. Chronic exposure to IL-13 also caused a 
drastic reduction in the epithelial barrier function and a decrease of the 
antimicrobial peptide hBD2 (data not shown). These effects prevented the 
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possibility to detect the possible inhibition of the NTHi-induced antimicrobial 
response by DE. 
7.7 Comparison of the effects of diesel exhaust and cigarette smoke on 
airway epithelial cells 
Both cigarette smoke and diesel exhaust are mixtures of gasses and particles, and 
both contain polycyclic aromatic hydrocarbons (PAHs) as benzo(a)pyrene (BaP) 
and 7,12-dimethylbenz(a)anthracene (DMBA) [42]. PM2.5 are also found in 
mainstream cigarette smoke [43]. Whereas the physical compositions of cigarette 
smoke (CS) and DE are similar, patterns of exposures and concentrations differ 
greatly between the two mixtures (Chapter 1, section 1.7). Nevertheless, similar 
responses as observed in DE-exposed cells were observed in ALI-PBECs from 9 
COPD and 8 controls donors exposed for ~5 min to CS and incubated for 3 h with 
or without NTHi (Chapter 6). In vitro acute exposures to CS resulted in a higher 
increase in HMOX1 mRNA induction (~200 f.i., Chapter 6, Figure 2) than observed 
after DE exposures, where HMOX1 peaked at 1:30 h after 60 min exposure (~100 
f.i. Chapter 2, Figure 6). Comparison of HMOX1 mRNA induction by DE and CS is 
limited by the different duration of exposure. Acute exposure to CS resulted in the 
increased expression of GADD34 mRNA (Chapter 6, Figure 2), while only acute 
exposure of ALI-PBECs to emissions from a diesel generator significantly induced 
CHOP and GADD34 mRNA (Chapter 2, Figure 4, 6 and 8, Chapter 3, Figure 2). 
Chronic CHOP and GADD34 activation has been linked with chronic diseases [33, 
34, 44]. CS has been shown to activate the UPR to endoplasmic reticulum (ER) 
stress both in vitro and in vivo [45]. The lower DE-mediated GADD34 mRNA 
induction (2-3 f.i.) compared to the CS-mediated response (5 f.i.) can be explained 
by differences in CS and DE doses, besides the different duration of the 
exposures. As observed in DE-exposed ALI-PBECs treated with NTHi, CS 
significantly inhibited the NTHi-induced DEFB4A mRNA expression and enhanced 
the NTHi-induced GADD34 mRNA expression (Chapter 6, Figure 2). Most COPD 
patients are former or current-smokers [25]. Therefore, a large percentage of 
COPD patients have been chronically exposed to both mixtures during life. Here, 
we showed the same effects of both DE and CS on the modulation of the 
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integrated stress response and in the modulation of expression of the antimicrobial 
peptide hBD2. Our findings suggest that similar mechanisms may explain the 
effects of DE and CS on the antimicrobial response and the accumulation of 
oxidative and protein damage. 
7.8 Protocol for diesel exhaust exposure of primary airway epithelial cells at 
the air-liquid interface 
The aim of the present thesis was to develop a model of in vitro exposure to diesel 
exhaust of primary bronchial epithelial cells cultured at the air-liquid interface. This 
required teamwork of scientists from different disciplines with expertise in cell 
biology and in vitro toxicology. Most of the previous studies focused either on 
specific diesel components [46] or the cell system selected [10]. Air-liquid interface 
culture and exposure is often reduced to an overnight period for growing cells 
without media on the apical compartment of inserts before exposure [12, 47]. Such 
a short time is not sufficient for primary cells or cell lines to differentiate and adapt 
to ALI conditions. Therefore, exposures of cells cultured under ALI conditions for 
24 h might display toxic responses that are irrelevant to the in vivo situation.  Use 
of unexposed and untreated controls can help to detect possible toxic effects 
caused by exposure designs, such as flow of air caused by the exposure module 
used. Furthermore, cell types such as A549 cells do not form a good epithelial 
barrier and are therefore not optimally suited for ALI exposure.  
Differentiated airway epithelial cells that produce mucus require periodical washing 
of the apical compartment. This is important since excess mucus may change the 
effect of exposure to DE. Therefore, mucus removal should be carefully planned in 
view of exposure, to avoid excess of mucus without the stress that may be induced 
by the washing procedure. Timing of exposure and incubation should be defined 
based on the marker of interest. For instance, HMOX1 mRNA induction is only 
rapid and transient; therefore, during prolonged exposure to DE HMOX1 induction 
might occur already during the exposure and decline rapidly after, limiting the 
detection of this marker. Finally, use of proper controls allows the correct 
interpretation of the outcomes. For example, data on cytotoxicity should be 
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expressed in relation to a positive control for cell death to quantify the extent of the 
cytotoxic effects.   
Requirements for air-liquid interface culture exposure to diesel exhaust 
1. Maintain ALI-culture for more than 24 h before exposure 
2. Select only cell cultures able to form a good barrier (adherence and 
tight junctions) for ALI-culture 
3. Wash apical compartment of ALI-culture 24 h before exposure 
4. Select time of exposure and incubation based on the markers to be 
studied 
5. Include the use of unexposed and untreated controls 
6. Include the use of appropriate positive controls for the biological 
response  
   
7.9 Limitations and future prospective 
Use of an in vitro model for exposure to diesel can help in providing guidelines for 
the assessment of risk of exposure in vivo and can provide further insight into the 
molecular mechanisms behind the negative health effects of diesel in the human 
lungs. The exposure model proposed in this thesis involved the use of relevant 
sources and doses of diesel, and air-liquid interface exposure of mucociliairy 
differentiated primary bronchial epithelial cells. In our exposure model we focused 
largely on expression of mRNA to detect cellular responses. Especially for analysis 
of the ISR and UPR, analyses of phosphorylation state and protein production are 
necessary to confirm the activation of these highly regulated pathways. Activity of 
antimicrobial peptides should be also addressed at the protein level and at the 
functional level, using e.g. live/dead stainings or colony counting to assess 
bacterial killing [28]. An advantage of our exposure model is the absence of 
cytotoxicity after acute exposure to DE. This allows repeated exposures to DE of 
ALI-PBECs which should be addressed in future studies to properly investigate the 
impact of traffic-related air pollution on chronic lung diseases such as asthma and 
COPD. Moreover, use of a larger group of donors can overcome the inherent 
Summary and general discussion 
 
199 
limitation of donor variability. In vitro cultures of ALI-PBECs do not provide 
information on the role of immune cells as well as the endothelial layer present in 
the lung mucosa. Resident macrophages can ingest inhaled particles and 
pathogens, reducing the harmful effects of exposure on the epithelial cell layer [48]. 
The endothelial cells beneath are in constant communication with the lung 
epithelium to modulate repair and inflammatory responses [49]. Improvement in the 
in vitro modeling of lung mucosa by including several cell types, including immune 
cells, endothelial and mesenchymal cells can further improve our ability to mimic 
the complex and concerted dynamics of responses occurring in vivo after exposure 
to toxic volatile compounds such as diesel exhaust. Finally, also novel 
microfluidics-based culture methods such as the airway-on-chip may prove useful 
in studying effects of air pollution on the respiratory mucosa.  
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Chronic obstructive pulmonary disease (COPD; chronisch obstructief longlijden) is 
een progressieve longziekte die meer dan 25 miljoen patiënten wereldwijd treft, en 
op grond van voorspellingen van de Wereldgezondheidsorganisatie (World Health 
Organization; WHO) wordt verwacht dat COPD in 2030 de derde doodsoorzaak 
wereldwijd vormt. COPD wordt gekenmerkt door chronische verstoring van de 
ademhaling die het gevolg is van veranderingen in de luchtwegen en longblaasjes, 
verhoogde slijm (mucus) productie en chronische ontsteking. De belangrijkste 
risicofactor voor het ontstaan van COPD is het roken van sigaretten. 
Longaanvallen (exacerbaties) dragen sterk bij aan de ziektelast en voor die 
exacerbaties is vaak een opname in het ziekenhuis nodig. Luchtweginfecties 
worden algemeen beschouwd als een belangrijke prikkel voor het ontstaan van 
deze exacerbaties, en worden vaak veroorzaakt door virussen zoals rhinovirus (het 
verkoudheidsvirus) en bacteriën zoals non-typeable Haemophilus influenzae 
(NTHi), Moraxella cattharalis en Streptococcus pneumonia. Verschillende 
epidemiologische studies hebben een relatie aangetoond tussen blootstelling aan 
luchtverontreiniging (zoals dieseluitlaatgassen) en exacerbaties van COPD. In 
stedelijke gebieden vormen dieseluitlaatgassen (Engelse term: diesel exhaust 
[DE]) de voornaamste bron van luchtverontreiniging. Deze DE is een complex 
mengsel van gassen en deeltjes, en de samenstelling wordt in belangrijke mate 
bepaald door de dieselmotor en de gebruikte dieselbrandstof. De belangrijkste 
bestanddelen van DE zijn stikstofdioxide, zwaveldioxide, koolmonoxide, 
koolwaterstof en dieseldeeltjes (vaak wordt hiervoor de algemene term “particulate 
matter” [PM] gebruikt). Op grond van hun diameter wordt diesel PM (en ook andere 
vormen van PM in luchtverontreiniging) geclassificeerd als PM10, PM2.5 en PM0.1 
(ultrafijne deeltjes). Juist deze kleinere deeltjes (PM2.5 en PM0.1 [ultrafijne deeltjes]) 
zijn een bron van zorg voor de gezondheid, omdat ze diep in de longen kunnen 
doordringen, en extra schadelijk zijn, en via het lichaam naar andere organen 
getransporteerd kunnen worden. Nieuwe auto’s die op de markt komen moeten 
voldoen aan de emissie normen (EURO classificatie) van de EU die zijn gebaseerd 
op de massa deeltjes in de dieselemissie.    
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Het luchtwegepitheel is de laag cellen die de binnenkant van de luchtwegen 
bekleedt, en vormt het eerste contact van het lichaam met ingeademde gassen en 
deeltjes, inclusief DE. Het speelt een belangrijke beschermende rol door te 
fungeren als fysieke barrière en als immunologische barrière. Deze fysieke barrière 
wordt mogelijk gemaakt door de aanwezigheid van speciale structuren (junctions) 
die de epitheelcellen verbinden. De mucuslaag op de cellen (die wordt gevormd 
door de submucosale klieren en de gobletcellen in het epitheel) vangt ingeademde 
deeltjes, en zorgt samen met de trilhaarcellen in het epitheel via de zogenaamde 
mucociliaire klaring voor het verwijderen van de gevangen deeltjes. Het epitheel 
kan micro-organismen en hun producten herkennen via zogenaamde pattern 
recognition receptors (PRR), en zo reageren op hun aanwezigheid door een 
afweerreactie te starten. Die bestaat onder andere uit het aanmaken van stoffen 
zoals IL-8 die ontstekingscellen aantrekken, en uit de aanmaak van antimicrobiële 
eiwitten (een soort lichaamseigen antibiotica) die rechtsreeks bacteriën, virussen, 
schimmels en gisten kunnen doden. Voorbeelden van dergelijke antimicrobiële 
eiwitten die in dit proefschrift zijn bestudeerd zijn het humane beta-defensine 2 
(DEFB4A/hBD2) en het S100 calcium binding protein 7 (S100A7). Een van de 
bacteriën die veel voorkomt in de longen van COPD patiënten is non-typeable 
Haemophilus influenzae (NTHi), en dat is de reden dat deze bacterie veel is 
gebruikt in de experimenten die zijn beschreven in dit proefschrift. Epitheelcellen 
kunnen ook reageren op oxidanten die aanwezig zijn in luchtverontreiniging zoals 
DE, en in sigarettenrook; ze doen dat door een oxidatieve stress response te 
starten die o.a. bestaat uit het aanmaken van het hemeoxygenase (HO1) eiwit 
(gennaam HMOX1), dat zorgt voor een verlaging van de hoeveelheid oxidanten. 
Op deze manier beschermt het epitheel zich tegen de schadelijke effecten van 
deze oxidanten. Het luchtwegepitheel kan ook op stress reageren door de 
zogenaamde integrated stress respons (ISR), waarbij de aanmaak van nieuwe 
eiwitten wordt geremd door fosforylering van de initiatiefactor van eiwitsynthese, 
eIF2α. De activatie van de ISR wordt bewerkstelligd door vier verschillende sensor 
kinases, die ieder verschillende vormen van cellulaire stress herkennen: een tekort 
aan aminozuren (GCN2), oxidatieve stress (HIR), virale infecties (PKR) en 
verkeerd gevouwen eiwitten die ophopen in het endoplasmatisch reticulum 
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(PERK). Activatie van deze sensor kinases leidt tot de fosforylering van het 
hiervoor genoemde eIF2α, wat leidt tot een algemene remming van eiwitsynthese, 
samen met een specifieke aanmaak van de transcriptiefactor ATF4. ATF4 zorgt 
voor de aanmaak van CHOP en GADD34, twee andere componenten van de ISR. 
Het CHOP eiwit heeft diverse functies (o.a. in de regulatie van geprogrammeerde 
celdood), terwijl het GADD34 o.a. via een negatieve feedback loop zorgt voor 
defosforylering van eIF2α, waardoor de eiwitsynthese weer kan worden hervat. De 
cel reageert op verkeerd gevouwen en opgehoopte eiwitten in het endoplasmatisch 
reticulum niet alleen via het sensor kinase PERK, maar ook via twee andere 
routes:  ATF6 en IRE1α. IRE1α zorgt voor splicing van het XBP1 mRNA, wat 
bijdraagt aan de aanmaak van chaperone eiwitten (die bijdragen aan een betere 
vouwing van eiwitten), terwijl ATF6 zorgt voor aanmaak van BiP (HSPA5/BiP).  
Uit het voorafgaande blijkt dat epitheel een belangrijke rol speelt in de afweer, en 
over verschillende mechanismen beschikt waarmee het zich beschermt tegen 
micro-organismen en schadelijke stoffen. Om de mechanismen te kunnen 
begrijpen die ten grondslag liggen aan de schadelijke effecten van DE op de 
longen, is een kweekmodel (in vitro model) heel belangrijk. Het in dit proefschrift 
gebruikte kweekmodel van luchtwegepitheel is ontworpen om zo goed mogelijk de 
dynamische interactie tussen DE en het luchtwegepitheel na te bootsen. Drie 
elementen stonden centraal bij het ontwerpen van dit model: 1. Het gebruik van 
luchtwegepitheelcellen die uit longweefsel zijn geïsoleerd (primaire cellen) en die 
aan lucht blootgesteld worden gekweekt (air-liquid interface; ALI); 2. Een opstelling 
waarmee de cellen kunnen worden blootgesteld aan het mengsel van gassen en 
deeltjes waaruit DE bestaat; en 3. Het bestuderen van effecten van het volledige 
mengsel van DE (gassen en deeltjes) die rechtstreeks en real-time worden 
aangemaakt door een dieselmotor. Dit is belangrijk om de volgende redenen: Ad 1. 
Deze ALI kweken van epitheelcellen vormen een goede barrière, maken mucus en 
trilharen, en verschillende studies hebben laten zien dat ze eigenschappen van 
ziekte in kweek behouden. Zo reageren gekweekte epitheelcellen van patiënten 
met astma of COPD anders dan die van gezonde controles op prikkels. Ad 2 en 3. 
Blootstelling via de luchtroute is van belang om blootstelling aan zowel gassen als 
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deeltjes te bewerkstelligen, terwijl het gebruik van vers gegenereerde DE in 
relevante concentraties belangrijk is om de echte blootstelling na te bootsen, en 
artefacten die worden geïntroduceerd door het gebruik van alleen dieseldeeltjes te 
voorkomen. In de studies beschreven in dit proefschrift zijn twee soorten 
dieselmotoren gebuikt. De in hoofdstuk 2 en 3 gebruikte dieselmotor werd op 
grond van de uitlaatgassen geclassificeerd als EURO I, terwijl de tweede motor 
(gebruikt in hoofdstuk 4 en 5) een moderne EURO V bus dieselmotor was, die 
was gekoppeld aan een “after-treatment device” (katalysator). Door de DE 
nauwkeurig te karakteriseren, en te berekenen hoeveel deeltjes op de cellen 
neersloegen, werd geprobeerd om de resultaten van de blootstelling aan 
gekweekte cellen in het laboratorium te vergelijken met echte  ‘real-life’ 
blootstelling. Op deze manier hebben we een blootstelling gerealiseerd van 50 
µg/m3 voor PM2.5, twee keer boven de Europese limiet die in Europese steden vaak 
wordt overschreden.     
De eerste stap in de ontwikkeling van het model was om de concentratie, duur van 
blootstelling en incubatieperiode na blootstelling vast te stellen die nodig was om 
een effect te meten in de gekweekte cellen. In hoofdstuk 2 wordt een serie 
experimenten beschreven waarin verschillende blootstellingsperiodes, die 
resulteren in verschillende doses van DE, en verschillende incubatietijden 
onderzocht. Op deze manier hebben we op basis van de snelle activatie van Nrf2 
en NF-ĸB en de transiënte inductie van HMOX1 vastgesteld dat de oxidatieve 
stress respons snel optreedt. NF-ĸB en Nrf2 kunnen ook bijdragen aan de 
aanmaak van IL-8, dat ook werd gevonden na de blootstelling aan DE. Bij deze 
experimenten vonden we dat dezelfde dosis van DE een sterkere oxidatieve stress 
respons veroorzaakte wanneer de cellen hieraan gedurende een kortere periode 
werden blootgesteld dan bij blootstelling gedurende een langere periode. Bij deze 
experimenten werd gevonden dat de cellen ook reageerden met activatie van de 
ISR op blootstelling aan gewone lucht in de blootstellingsmodule, wat waarschijnlijk 
een gevolg is van de gebruikte opstelling. Hierbij moet wel worden opgemerkt dat 
deze activatie van de ISR bij luchtblootstelling wel veel lager was dan na DE 
blootstelling. De reproduceerbaarheid van het system werd onderzocht door de 
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reactie van cellen van 5 verschilleden donoren te onderzoeken. In alle 
experimenten in hoofdstuk 2 werd celdood en een afname barrièrefunctie alleen 
gevonden bij de hoogst gebruikte dosis van DE. In hoofdstuk 3 gebruikten we 
blootstelling aan DE samen met behandeling met gedode bacteriën om een 
afweerresponse in de cellen te induceren. Cellen van COPD patiënten en (ex-
)rokers met een normale longfunctie werden gedurende een korte tijd (1 uur) 
blootgesteld aan DE (PM concentratie 1.51 ± 0.12 mg/m3).  Op basis van onze 
berekeningen komt deze dosis overeen met een blootstelling van 2 uur en 15 
minuten aan een relatief hoge mate van luchtverontreiniging.  We onderzochten 
eerst of de cellen van de COPD patiënten verschilden van controles, en vonden 
dat deze cellen meer van het mucine MUC5AC tot expressie brachten dan 
controles, iets wat overeenkomt met de situatie bij COPD patiënten. We vonden 
geen verschillen in de oxidatieve stress respons tussen cellen van COPD patiënten 
en controles na blootstelling aan diesel. Daarentegen werd een statistisch 
significante activatie van de ISR (gemeten via expressie van CHOP en GADD34) 
alleen in COPD donoren gevonden, en werd de GADD34 expressie verder 
verhoogd door blootstelling aan NTHi. DE remde de expressie van HSPA5/BiP in 
cellen van COPD donoren, en in aanwezigheid van de bacteriële stimulus was 
deze remming significant in beide groepen. Deze gegevens wijzen er op dat cellen 
van COPD donoren een sterkere ISR reactie hebben na blootstelling aan diesel 
dan controles. Blootstelling aan DE remde de inductie van de expressie van 
antimicrobiële eiwitten door microbiële stimulatie, en deze remming was significant 
wanneer beide groepen werden gecombineerd. De inductie van IL-8 expressie 
door DE was eveneens significant na combinatie van beide groepen. In onze 
volgende studie, werd het effect van een door een EURO V busmotor 
geproduceerd DE mengsel op de epitheelcellen onderzoekt (Hoofdstuk 4). Omdat 
de hoeveelheid DE deeltjes in deze DE lager was dan in de DE van de eerste 
studies (met de andere, minder schone motor), werden als eerste de 
blootstellingscondities geoptimaliseerd. Ook in deze studies onderzochten we het 
effect van DE op cellen van COPD en controle donoren, en werd het effect op de 
inductie van antimicrobiële eiwitten onderzocht. Daarnaast werd het effect van DE 
dat was geproduceerd door een koude motor (cold start) onderzocht, omdat 
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bekend is dat uitlaatgassen van zo’n motorstart meer PM bevatten gedurende de 
eerste 15 minuten na het opstarten van de motor. HMOX1 inductie bleek weer 
afhankelijk te zijn van de blootstellingscondities, terwijl remming van inductie van 
het antimicrobiële eiwit DEFB4A/hBD2 door NTHi onder alle condities 
waarneembaar was. Acute blootstelling aan EURO V DE leidde niet tot activatie 
van de ISR, en er werden geen verschillen gevonden tussen de effect van een 
koude start en een warme start. Mogelijk zijn herhaalde blootstelling aan EURO V 
DE nodig om een effect op de ISR waar te nemen. 
Omdat het slijmvlies van de luchtwegen, naast de epitheelcellen, een groot aantal 
andere verschillende cellen bevat, werd in hoofdstuk 5 de effecten van DE op een 
co-kweek van 4 celtypen (een tetracultuur) onderzocht. Deze tetracultuur bevatte 4 
verschillende cellijnen, met eigenschapen van alveolaire epitheelcellen, 
macrofagen, mestcellen en endotheelcellen. Blootstelling van deze tetracultuur aan 
DE leidde tot meer celdood dan in de hiervoor onderzochten kweken, zelfs na 
blootstelling aan lucht. Ondanks deze hoge cytotoxiciteit werd nucleaire 
translocatie van Nrf2 waargenomen in de endotheelcellen die onderaan de 
tetracultuur werden gekweekt aan de onderkant van de kweek, wat wijst op 
passage van componenten van DE door de laag cellen erboven, en/of op cel-cel 
communicatie. 
Tenslotte werden in hoofdstuk 6 cellen van COPD patiënten en van controle 
donoren eerst blootgesteld aan sigarettenrook en daarna geïnfecteerd met 
rhinovirus (verkoudheidsvirus) of behandeld met gedode NTHi. Sigarettenrook is 
net als DE een mengsel van gassen en deeltjes, en de belangrijkste riscofactor 
voor COPD. Het effect van sigarettenrook op de antimicrobiële respons na 
blootstelling aan NTHi was vergelijkbaar met dat van DE, hoewel de modulatie van 
de expressie van antimicrobiële eiwitten, de oxidatieve stress respons, en de ISR 
sterker waren dan met DE. 
Het in dit proefschrift beschreven in vitro kweekmodel van luchtwegepitheel heeft 
een aantal belangrijke voordelen in vergelijking met veel andere modellen 
waardoor het meer realistisch is: het gebruik van primaire gedifferentieerde cellen 
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van patiënten en controles, het hanteren van gecontroleerde 
blootstellingscondities, en het bestuderen van het effect van het complete mengsel 
van deeltjes en gassen die vrijkomen uit een dieselmotor. Omdat er bij een acute 
blootstelling geen celdood was, biedt het model in de toekomst ook mogelijkheden 
om de effecten van herhaalde blootstelling aan uitlaatgassen te bestuderen. 
Verder werd gevonden dat sommige effecten alleen statistisch significant waren na 
combinatie van resultaten van de COPD en controle donoren, hetgeen erop wijst 
dat grotere groepen donoren nodig zijn om het effect van interdonor variabiliteit te 
neutraliseren. De experimenten met de tetracultures zijn een allereerste stap om te 
komen tot een model dat meer lijkt op compleet longweefsel, dat bestaat uit meer 
celtypen dan alleen luchtwegepitheel. Tenslotte wijzen de experimenten met 
sigarettenrook op een grote overeenkomst tussen de effecten van deze 
sigarettenrook en die van uitlaatgassen van dieselmotoren op luchtwegepitheel. 
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